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ACCELERATION  OF  COCKTAIL  IONS  AT  THE  JAERI AVF 

CYCLOTRON 

M.  Fukuda.  K.  Arakawa,  S.  Okumura,  T.  DJara,  I.  Ishibori,  Y.  Nakamura,  W.  Yokota, 
T.  Agematsu,  H.  Tamura,  JAERI,  Takasaki,  Gunma,  Japan 


Abstract 

Ion  species  and  energy  of  a  cyclotron  beam  can  be 
quickly  changed  using  a  cocktail  acceleration  technique. 
Cocktail  beams  of  mass-to-charge  (M/Q)  ratio  of  4  and  5 
have  been  developed  at  the  JAERI  AVF  cyclotron.  Purity 
of  the  beam  depends  on  the  M/Q  resolution  of  the 
cyclotron.  The  resolution  has  been  estimated  theoretically 
and  experimentally.  A  radial  spread  of  an  internal  beam 
bunch  caused  by  phase  slip  of  particles  with  a  different 
M/Q  value  has  been  observed  using  a  pulsed  incident 
beam.  For  practical  operation,  some  methods  have  been 
devised  for  avoiding  intermixture  of  different  ion  species 
in  a  beam  extracted  from  the  cyclotron. 


where  N  is  a  turn  number,  and  Asin<j)  is  expressed  as 
(sin<t>-sin<t>o),  that  is  the  change  in  phase  from  beginning 
of  acceleration.  The  ions  are  phased  out  when  the  change 
in  phase  becomes  +1  or  -1.  Other  ion  species  can  be 
extracted  from  the  cyclotron  by  slightly  changing  the 
frequency  by  AfRF/fRF  or  the  magnetic  field  by  AB/B 
which  is  proportional  to  A(M/Q)/(M/Q).  Changing  of  the 
frequency  or  the  magnetic  field  is  completed  within  a  few 
minutes. 

In  addition  the  energy  is  approximately  proportional  to 
the  mass  of  ions,  which  offers  different  linear  energy 
transfer  (LET)  in  a  target  material.  Thus  the  cocktail 
beam  has  great  merit  in  saving  the  beam  time  and  in 
covering  the  wide  range  of  LET. 


1  INTRODUCTION 

Various  ion  species  with  a  wide  range  of  energy  is 
available  at  the  JAERI  AVF  cyclotron  facilities  [1]  for 
research  on  materials  science  and  biotechnology.  Beam 
time  required  for  the  research  ranges  from  several  hours 
to  a  few  days,  relatively  shorter  than  the  use  for  nuclear 
physics.  Frequent  change  of  ion  species  and/or  energy 
decreases  the  rate  of  cyclotron  operation,  because  one 
through  two  hours  are  needed  for  changing  and 
optimizing  all  the  parameters  of  the  whole  cyclotron 
system.  Fast  change  of  the  beam  without  loss  of  time  is 
required  for  efficient  use  of  the  beam  time. 

The  cocktail  acceleration  technique  [2]  is  an  optimum 
method  for  changing  ion  species  and  energy  quickly. 
Different  ion  species  having  almost  identical  M/Q  values 
produced  by  an  ECR  ion  source  are  simultaneously 
injected  into  the  cyclotron.  The  cyclotron  parameters  are 
optimized  for  one  of  the  cocktail  ions.  The  ion  is  fully 
accelerated  under  the  isochronous  condition  given  by 


2  n 


U-Q 

h  M  m0c 2 


(1) 


2  M/Q  RESOLUTION 

In  the  development  of  a  cocktail  beam  using  12C3+,  1604+ 
and  20Ne5+  ions,  the  12C3+  and  20Ne5+  ions  were  observed 
in  the  beam  optimized  for  the  1604+  ion  [3],  A  series  of 
the  M/Q=4  cocktail  ions  available  at  the  JAERI  AVF 
cyclotron  are  listed  in  Table  1  together  with  the  M/Q 
difference  from  the  nearest  M/Q  values.  The  M/Q 
difference  of  ,2C3+  and  20Ne5+  ions  from  the  1604+  ion  is 
3.2xl0'4  and  0.6x1 04,  respectively.  The  M/Q  resolution 
of  the  cyclotron  was  estimated  to  investigate  the 
intermixture  of  the  different  ion  species. 


Table  1 :  Parameters  of  the  M/Q=4  cocktail  ions 


Ion 

M/Q  A  (M/Q)/(M/Q) 

E  (MeV) 

fRF  (MHz) 

4He+ 

4.00210 

6.6x10 

25 

11.9073 

12c3+ 

3.99947  „„  ■ 

3.2X10 4 

75 

11.9152 

16q4+ 

3.99818  , 

0.6x1  O’4 

100 

11.9190 

20Ne5+ 

199794  5.6x1  O'4 

125 

11.9197 

40Ar10+ 

199569  1.1X10-4 

250 

11.9264 

84Kr21+ 

3.99524 

525 

11.9278 

where  fRF  is  an  RF  frequency,  h  a  harmonic  number,  B0 
magnetic  field  for  isochronism,  mo  unified  atomic  mass 
unit.  Other  ions  with  different  M/Q  values  are  gradually 
shifted  an  additional  amount  in  phase,  given  by 

Asin^  =  2  jchN^'Q)  (2) 

M/Q 


2.1  Theoretical  Estimation 

The  M/Q  resolution  defined  by  R  =  1(M/Q)/A(M/Q)I  is 
equivalent  to  IfRp/AfRFl,  which  is  given  by  differentiating 
the  Eq.  (1).  The  resolution  can  be  estimated  from  a 
frequency  range  at  which  particles  can  reach  to  an 
extraction  radius.  Change  in  phase  for  the  frequency  shift 
AfRF/fRF  with  non-relativistic  approximation  is  given  by 
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Figure  1:  Dependence  of  the  change  in  phase  at  the 
extraction  radius  on  the  frequency  shift. 


Asin0  =  2/r/t 


A  f„  r 2  me1  ( 


U  2  A  E 


he  ,  ’ 


(3) 


where  r  is  a  radius,  AE  the  peak  energy  gain.  Relation 
between  the  frequency  shift  and  the  change  in  phase  at 
the  extraction  radius  is  shown  in  Fig.l.  The  Asintj)  is 
approximately  proportional  to  the  frequency  change.  The 
frequency  range  for  the  beam  with  an  initial  phase  width 
of  20  degrees  RF  is  6.8  x  10‘4.  Assuming  that  a  half 
width  of  the  frequency  range  gives  FWHM,  the  M/Q 
resolution  is  estimated  at  R=2900.  The  resolution  for  the 
extracted  beam  will  be  higher  than  this,  since  the  beam  is 
defined  by  acceptance  of  the  extraction  system  [4], 


Figure  2:  Dependence  of  the  beam  intensity  on  the 
frequency  shift.  The  frequency  shift  range  is 
estimated  at  8.4  x  104  FWHM  for  the  internal 
beam,  4.2  X  104  FWHM  for  the  beam  at  the 
exit  of  the  deflector  and  3.0  x  1C4  FWHM  for 
the  beam  extracted  from  the  cyclotron. 


Pulse  Height  (channels) 


Pulse  Height  (channels) 

Figure  3:  Pulse  height  spectra  of  the  12C3+  and  1604+ 
cocktail  beam  obtained  at  dee  voltages  of  22.67 
kV  (upper)  and  18  kV  (lower).  The  yield  ratio 
of  the  ,2C3+  ions  to  the  16o4+  ions  is  1.6  x  10*2 
at  22.67  kV  and  0.29  x  10  2  at  18  kV. 

2.2  Experimental  Estimation 

Variation  of  beam  intensity  depending  on  the  frequency 
shift  is  shown  in  Fig.  2.  The  width  of  the  frequency  shift 
for  the  internal  beam  just  before  extraction  was  8.4  x  10  4 
FWHM.  In  this  measurement  two  sets  of  phase  defining 
slits  were  placed  at  the  position  mostly  evacuating  from  a 
beam.  The  phase  width  of  the  internal  beam  was  larger 
than  20  degrees  RF.  The  frequency  range  became  a  half 
at  the  exit  of  a  deflector,  and  was  further  reduced  to  3.0  x 
104  FWHM  after  extracting  from  the  cyclotron  due  to  the 
acceptance  of  the  extraction  system.  The  resolution 
estimated  from  the  frequency  range  is  around  3300  that 
is  insufficient  for  separating  the  12C3+  and  20Ne5+  ions 
from  the  ,604+  beam. 


2.3  Improvement  of  the  Resolution 

The  amount  of  the  change  in  phase  is  inversely 
proportional  to  the  energy  gain  as  given  in  Eq.  (3).  In 
order  to  separate  the  particles  with  different  M/Q  values 
before  extraction,  decrease  in  energy  gain,  that  is 
increase  in  turn  numbers,  is  required.  Pulse  height 
spectra  of  the  12C3+  and  1604+  cocktail  beam  obtained  by  a 
plastic  scintillator  at  a  dee  voltage  of  22.67  kV  and  18 
kV  are  shown  in  Fig.  3.  The  yield  ratio  of  the  12C3+  to 
1604+  went  down  to  one  fifth  by  simply  changing  the  dee 
voltage.  Careful  optimization  of  parameters  is  required 
for  further  improvement  of  the  resolution. 
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Figure  4:  Increase  in  turn  numbers  for  the  12C3+  and 
i604+  beams  with  an  initial  phase  width  of  20 
degrees  caused  by  the  frequency  shift. 


lagging  Time  (channels)  leading 

Figure  5:  Beam  pulses  of  the  12C3+  (upper)  and  1604+ 
(lower)  ions  at  the  optimum  frequency  of  19.916 
MHz  measured  with  a  plastic  scintillator. 

3  TURN  NUMBERS 

The  amount  of  change  in  phase  for  particles  with 
different  M/Q  values  is  linearly  increasing  with  turn 
numbers  as  given  in  the  Eq.  (2).  The  calculated  turn 
numbers  of  the  particles  reaching  to  the  extraction  radius 
are  shown  in  Fig.  4.  The  minimum  turn  number  is 
obtained  at  the  optimum  frequency  for  each  ion  species. 

An  increment  in  turn  numbers  for  the  frequency  shift 
of  2.5  x  10"4  (Afnp  =  3  kHz)  is  around  60.  The  energy 
gain  of  the  particles  is  gradually  decreasing  due  to  the 
drift  of  the  beam  phase  caused  by  the  frequency  shift.  The 
particles  having  lower  energy  stay  in  orbits  at  smaller 
radii,  which  causes  radial  spread  of  a  beam  bunch.  The 
radial  spread  at  the  entrance  of  the  deflector  is  larger 
than  the  aperture  of  the  deflector.  Thus  the  beam  bunch 
is  chopped  by  the  deflector  and  extracted  with  multiple 
turns.  Time  spectra  of  the  extracted  beam  at  the  optimum 
frequency  for  12C3+  are  shown  in  Fig.  5.  The  beam  was 


pulsed  before  injection  using  a  trapezoidal  voltage 
chopper  (P  chopper)  [5]  so  that  the  multiple  turns  could 
be  observed.  The  12C3+  ions  were  extracted  first,  and  a 
pulse  train  of  the  1604+  ions  appeared  41  turns  later.  The 
delay  of  the  beam  pulses  was  consistent  with  the 
calculation  result  shown  in  Fig.  4. 

4  ELIMINATION  OF  IMPURITY  IONS 
IN  PRACTICAL  OPERATION 

In  order  to  avoid  intermixture  of  the  different  ion  species 
in  the  extracted  beam,  a  grouping  of  cocktail  ions  with 
sufficiently  different  M/Q  values  is  required  for  the 
cocktail  acceleration.  The  choice  of  the  ion  species  for 
such  grouping  is,  however,  limited,  which  is  lacking  in 
variety  for  the  use  of  multiple  ion  species. 

Improvement  of  the  M/Q  resolution  mentioned  in  the 
section  2.3  is  an  orthodox  way  for  reducing  the  impurity 
ions.  But  additional  time  for  parameter  optimization 
might  be  necessary.  This  is  contrary  to  the  fast  change  of 
the  beam. 

For  the  practical  operation,  simplification  of  the  ion 
species  injected  into  the  cyclotron  is  the  easiest  way  for 
purification  of  the  beam.  In  order  to  save  the  time  for 
changing  a  gas  supplied  to  the  ECR  ion  source,  the  gas 
supplying  system  was  modified.  The  capacity  of  gas  pipes 
was  minimized,  and  a  nitrogen  gas  having  an  M/Q  value 
far  from  4  was  used  as  a  common  support  gas  to  save  the 
time  for  purging  in  the  pipes.  As  a  result,  the  ion  species 
can  be  changed  within  ten  minutes. 

The  84Kr2l+  beam  contained  some  metallic  ions  coming 
from  a  plasma  chamber  of  the  ECR  ion  source,  since  the 
intensity  of  the  ^Kt21*  ions  is  low  for  our  ECR  ion  source. 
Fortunately  the  krypton  gas  consists  of  some  stable 
isotopes,  and  the  M/Q  values  of  the  isotope  ions  is 
sufficiently  different  from  the  impurity  ions.  Optimizing 
the  frequency  to  the  isotope  ions  can  purify  the  krypton 
beam. 
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CONCEPTUAL  DESIGN  OF  A  240  MeV  SUPERFERRIC  SEPARATED 

ORBIT  CYCLOTRON  * 

O.Brovko,  A.Butenko,  A. Glazov,  I.Issinskv#.  V.Mikhailov,  G.Khodzhibagiyan,  A.Shabunov, 

A.Sukhanova,  B.  Vasilishin, 

JINR,  Dubna,  Moscow  Region,  141980,  Russia 


Abstract 

A  conceptual  design  of  the  Separated  Orbit  Cyclotron 
(SOC)  for  the  proton  energy  of  240  MeV  based  on  the  use 
of  superferric  magnets  (dipoles  and  quadrupoles)  is 
presented.  Superconducting  RF  cavities  are  used  as  well. 
The  beam  intensity  is  determined  by,  but  not  limited  to 
the  500pA  available  from  the  IBA  “Cyclone-30” 
cyclotron  to  be  used  as  the  30MeV  injector.  The 
electrical  power  draw  of  the  helium  refrigerator  is 
250kW. 

1  INTRODUCTION 

The  separated  orbit  cyclotron  (SOC)  [1,2,3]  has  a  number 
of  attractive  advantages  over  its  classical  analogues,  the 
greater  part  of  which  are  very  high,  close  to  100%, 
coefficients  of  beam  injection  and  extraction.  This  SOC’s 
property  allows  one  to  deal  with  the  acceleration  of 
currents  in  the  milliampere  range  at  very  small  beam 
losses.  In  this  way,  the  SOC  more  resembles  a  linear 
accelerator  than  a  cyclotron. 

By  reason  of  the  limited  orbit  separation  determined  by 
the  achievable  accelerating  RF  voltage,  SOC-type 
accelerators  can  be  practically  constructed  only  by 
applying  superconducting  technology,  namely, 
superferric  magnets  (dipoles  and  quadrupoles)  of  small 
outside  transverse  dimensions.  Experience  gained  in  the 
production  and  use  of  magnets  of  such  a  type  [4], 
confirms  their  good  operating  quality.  It  is  also 
reasonable  to  use  superconducting  cavities  in  the 
accelerating  system. 

This  work  was  performed  on  contract  from  the  HRIBF 
group  at  the  Oak  Ridge  National  Laboratory  as  part  of 
their  study  for  high-current  drivers  for  the  next  generation 
radioactive  beam  facility.  The  conceptual  design  for  the 
SOC  has  to  meet  requirements  with  the  following  main 
specifications:  l)The  maximum  proton  energy  should  be 
between  200MeV  and  250MeV  depending  on  space. 
2)Proton  injection  could  be  used  with  a  30MeV 
commercial  cyclotron.  The  IBA  model  CYCLONE-30  at 
a  maximum  current  of  500|JA  is  accepted  here.  3)  The 
total  internal  beam  loss  and  extraction  beam  losses  must 
be  less  than  1.0%. 

To  research  the  conditions  satisfying  a  stable  motion  of 

*Work  supported  from  Laboratory  Director’s  Research  and 
Development  Funds  from  Oak  Ridge  National  Laboratory,  USA. 

*  Email:  Issinsky@sunhe.jinr.ru 


particles  without  losses,  a  simulation  program  was 
developed.  In  the  program,  all  main  conditions  of 
longitudinal  and  transversal  motion  were  taken  into 
consideration.  According  to  the  evaluated  errors  in  the 
dipole  and  quadrupole  alignment,  the  beam  envelope, 
including  orbit  distortions,  was  computed.  Its  size  lies 
within  the  limits  of  42mm  x  34mm  and  determines  the 
aperture  and  outside  dimensions  of  the  magnets,  the  latter 
of  which  are  equal  to  96mm  x  96mm. 

2  LATTICE  AND  BEAM  DYNAMICS 

The  SOC  magnet  system  contains  240  bending-focusing 
periods  with  increasing  length,  divided  into  16  sectors. 
At  every  turn,  the  beam  traverses  16  periods,  each 
consisting  of  two  dipoles,  defocusing  and  focusing 
quadrupoles  and  an  accelerating  RF  cavity. 

An  isochronous  condition  is  insured  by  the  required 
length  of  the  periods,  which  is  achieved  by  combining 
bending  angles  in  dipole  pairs  and  straight  parts  of  the 
equilibrium  particle  trajectory.  Sufficient  turn  separation 
to  clear  magnet  yokes  is  achieved  by  means  of  16 
accelerating  cavities  each  with  a  maximum  amplitude  of 
1.2MV.  The  total  number  of  turns  is  15,  the  final  energy 
and  radius  are  240.9MeV  and  3.526m,  consequently.  The 
last  turn  separation  is  equal  to  97  mm. 

Synchrotron  motion  in  (At,  Aw)  co-ordinates  is 
presented  in  Fig.  1  for  a  maximum  energy  spread  Awm  and 
bunch  duration  Atro  at  injection.  The  energy 
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Figure  1 :  Synchrotron  motion  at  k2=0.002. 
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spread,  increasing  by  the  end  of  acceleration,  is  equal  to 
1.2MeV.  During  the  acceleration,  there  are  2.5 
synchrotron  oscillations  of  the  particles,  and  the 
maximum  amplitude  of  these  oscillations  is  2.5  mm. 

The  focusing  system  of  the  accelerator  represents  a 
symmetric  D-O-F-O  structure.  The  dipole  magnets  are 
sectored  and  have  zero  edge  angles.  The  length  of  each 
magnet  was  chosen  so  that  all  magnets  had  identical 
fields,  equal  to  1.4T.  The  values  of  the  gradients  in  the 
defocusing  and  focusing  quadrupole  lenses  are  similar  in 
all  sectors  and  equal  to  Gd=  -57.5T/m  and  GF=53.5T/m. 

Figure  2  shows  a  diagram  of  betatron  oscillation 
resonances  to  1-st.  2-nd  and  3-rd  orders. 


horizontal  (x,x')  and  vertical  (z,z')  planes  including 
misalignment  errors  to  ±0.4mm,  the  k2=0.002cm'2 
sextupole  coefficients,  and  initial  conditions 
corresponding  to  emittance  at  injection  of 
Ex=3Cht  mm  mrad  and  Ez=207t  mm-mrad.  Each  point  of 
the  figures  corresponds  to  the  co-ordinates  (x,x')  at  the 
focusing  lens  input  and  (z,z')  at  the  defocusing  lens  input. 
It  is  seen  that  beam  is  well  contained  within  the  designed 
aperture  of  the  magnets. 

The  acceleration  of  ions  with  q/A=l/2  in  the  SOC  can 
be  realised  at  a  smaller  ion  acceleration  rate  (on  the 
doubled  harmonic)  up  to  46MeV/amu.  In  this  case  the 
injection  energy  should  be  7.24MeV/amu. 


Figure  2:  Diagram  of  betatron  oscillation  resonances. 


A  sextupole  component  of  the  dipole  magnetic  field 
with  coefficient  k2=0.002cm"2  (AB=k2Bx2)  was  taken  into 
account.  Nonlinearities  in  the  quadrupole  lenses  were  not 
considered  because  of  their  very  high  orders  (fifth  and 
more).  In  spite  of  crossing  resonance  lines,  the  motion  is 
stable  because  the  phase  shift  changes  from  sector  to 
sector  rather  quickly. 

Simulations  including  magnet  alignment  errors  have 
been  performed.  Figure  3  shows  tracking  results  in  the 
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Figure  3:  Phase  diagram  in  the  horizontal  and  vertical 
planes. 


3  SUPERFERRIC  MAGNETS 

The  cross  sections  of  the  dipole  and  quadrupole  magnets 
are  presented  in  Figure  4.  Their  2D  magnetic  fields  have 
been  calculated  by  the  POISSON  program  for  ARMCO 
steel.  The  investigations  performed  at  the  Laboratory  of 
High  Energies,  JINR  show  a  rather  small  difference  of  the 
saturation  effects  at  helium  and  room  temperature.  The 
computed  field  distributions  show  a  field  inhomogeneity 
of  about  1%  in  the  dipoles  and  3%  in  the  quadrupoles. 


Figure  4:  Cross  section  of  the  dipole  and  the  quadrupole. 

For  quench  protection  reasons,  the  copper  to 
superconductor  ratio  of  the  cable  is  chosen  to  be  equal  to 
2:1.  This  helps  to  protect  the  magnet  from  small 
disturbances  which  can  produce  quenches.  The  width  and 
thickness  of  the  conductor  containing  2970  NbTi 
filaments  is  3.4mm  and  1.4mm,  respectively.  It  is 
insulated  with  double  Capton  and  fiberglass  epoxy  layers 
for  a  total  of  0.2mm  thickness. 

4  CRYOGENIC  SYSTEM 

The  SOC  cryogenic  system  consists  of  16  sectors.  Each 
sector  contains  30  dipole  and  30  quadrupole  magnets  with 
a  cold  iron  yoke. 

The  equipment  is  mounted  on  the  supporting  sector 
platforms  (Fig.5).  Each  of  the  platforms  is  fastened  to  the 
cryostat  by  suspension  rods.  The  magnets  are  cooled  in 
series  by  means  of  copper  cooling  tubes,  which  are 
soldered  to  a  copper  plate  and  mechanically  attached  to 
the  iron  yokes.  Calculations  show  that  the  difference  of 
temperatures  between  the  cooling  liquid  and  the  s.c. 
winding  is  no  larger  than  0.2  K. 
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Indirect  cooling  of  the  windings  is  performed  by  a  two- 
phase  helium  flow.  The  mass  vapour  content  of  helium 


Two-phase  He  Magnets 


Figure  5:  Cross  section  of  the  SOC 

varies  from  0  at  the  inlet  of  the  sector  to  0.9  at  its  outlet. 
Two-phase  helium  flow  was  chosen  to  cool  the  SOC  on 
the  basis  of  operating  experience  of  the  Nuclotron 
cryogenic  system  [4].  In  comparison  with  two-phase 
helium,  a  single-phase  coolant  (liquid  helium)  leads  to  an 
increase  of  the  helium  flow  through  the  magnet  and  to 
less  efficient  cooling.  Experience  has  shown  that 
instabilities  in  the  flow  distribution  in  parallel  channels 
and  large  oscillations  of  vapour  pressure  and  flow  rate  are 
not  a  problem  with  a  two-phase  helium  system. 

The  cryogenic  supply  system  is  based  on  the  TCF50 
refrigerator  with  a  500W  nominal  capacity  at  4.5  K. 

The  SOC  has  a  common  vacuum  space  for  the  beam 
and  for  cryogenic  insulation.  The  operating  pressure 
provided  with  cryosorbtion  will  be  smaller  than  1x10 7 
Torr  with  hydrogen  and  helium  being  the  major  residual 
gases.  No  permanent  pumps  will  be  installed  since  none 
are  required  if  helium  leaks  are  kept  small. 

5  DESIGN  OF  THE  ACCELERATOR 
FACILITIES 

The  SOC  equipment  is  placed  in  the  overall  vacuum 
vessel.  It  is  a  ring  chamber  with  an  outside  horizontal 
diameter  of  9.0m  and  an  oval  cross  section  0.7m  x  3.5m 
in  size  (Fig.5).  The  vacuum  chamber  is  assembled  in 
sections  corresponding  to  the  number  of  sectors.  The 
sectors  are  fastened  by  eight  suspension  rods  inside  the 
cylindrical  parts.  The  length  of  the  rods  is  chosen  so  that 
the  middle  of  the  platform  remains  in  the  initial  horizontal 
plane  with  a  sufficient  accuracy  after  cooling  down. 

The  operating  position  of  the  magnets  at  cryogenic 
temperature  should  be  held  within  the  limits  from 
±0.2mm  to  ±0.4mm  relative  to  the  equilibrium  orbit.  This 
problem  could  be  solved  in  several  ways:  i)  by  defining 
the  magnet  positions  through  calculations  of  their 
expected  displacement  in  the  cold  state;  ii)  by  preliminary 
mapping  of  the  footholds  in  the  cold  state  of  the  support 
base  on  which  the  magnets  are  to  be  arranged  afterwards; 
iii)  by  installing  special  windows  for  optical  control  of  the 
magnet  positions;  iv)  by  adjusting  the  magnet  position; 
v)by  using  beam  diagnostics  and  correction  systems. 


To  decrease  cooling  losses  during  SOC  operation,  the 
number  of  cryogenic  current  leads  for  supplying  the 
magnets  is  reduced  to  a  minimum:  for  instance  all  the 
dipoles  are  supplied  with  their  current  in  series.  In  this 
case,  the  dipoles  (formed  in  sector  shape  with  different 
curvature  radii)  must  have  different  lengths.  To  meet  this 
requirement  and  to  simplify  fabrication,  all  the  dipole 
magnet  cores  are  made  of  identical  stamped  steel 
laminations.  Steel  laminations  are  welded  or  glued 
together  on  a  mandril,  the  base  dimensions  of  which 
correspond  to  the  ones  of  the  magnet  gap  (Fig.6).  The 
mandril  is  flexible,  and  its  curvature  is  adjusted  for  each 
dipole  separately. 


Figure  6:  Steel  laminations  set  on  the  mandril. 

A  similar  mandril  is  used  to  fabricate  the  windings. 
This  technology  is  used  for  quadrupole  fabrication  as 
well,  with  the  difference  of  having  no  curvature  and  only 
four  lengths. 


6  CONCLUSION 

From  results  of  simulations,  we  can  conclude  that  it  is 
possible  to  accelerate  beam  with  no  additional 
corrections.  In  any  case,  provisions  are  made  for 
horizontal  and  vertical  correctors  to  compensate  for 
coherent  beam  offsets. 

In  summary,  the  SOC  concept  is  quite  practical  for 
high-current  beam  production  in  the  few-hundred  MeV 
range,  and  we  strongly  suggest  that  it  should  be  further 
explored. 
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Abstract 

A  design  study  of  the  main  magnet  for  a  13  MeV  cyclotron 
has  been  carried  out  in  a  joint  collaboration  between  the 
Korea  Cancer  Center  Hospital(KCCH)  and  POSTECH.  A 
maximum  energy  of  13  MeV  has  been  chosen  to  produce 
radio-isotopes  such  as  18F.  There  are  four  magnet  sectors, 
each  with  radial-ridged  shape.  Maximum  magnetic  fields 
are  1.85T  and  0.48T  at  hill  and  valley  centers,  respectively. 
The  total  size  of  the  cyclotron  is  less  than  2  m  in  diameter. 
The  program  TOSCA  has  been  utilized  for  the  field  calcu¬ 
lation  and  optimization.  In  this  paper,  we  describe  design 
parameters  of  the  13  MeV  PET  cyclotron,  with  emphasis  on 
the  magnetic  field  shape  and  the  beam  optics  calculation. 

1  INTRODUCTION 

At  the  Korea  Cancer  Center  Hospital  (KCCH),  design  study 
of  a‘13  MeV  cyclotron  for  Positron  Emission  Tomography 
(PET)  has  been  in  progress  since  1997.  The  study  has 
been  carried  out  in  a  joint  collaboration  between  KCCH 
and  the  Pohang  University  of  Science  and  Technology 
(POSTECH). 

The  KCCH  has  played  a  leading  role  in  Korea  in  radiation 
medicine  as  well  as  in  the  treatment  and  research  of  cancer, 
since  it  was  established  as  the  Radiological  Research  Insti¬ 
tute  in  1963  to  promote  the  medical  application  of  atomic 
energy  in  Korea.  For  neutron  therapy  and  radiation  treat¬ 
ment,  a  50  MeV  medical  cyclotron,  built  by  Scanditronix, 
was  installed  at  the  hospital  in  1986.  The  cyclotron  has  pro¬ 
vided  an  in-house  source  of  radio-isotopes  such  as  201T1, 
mI,  67Ga,  etc,  and  in  particular,  the  shorter-lived  radio¬ 
isotopes  for  diagnostic  or  clinical  use.  In  addition  to  serving 
in-house  duties,  this  cyclotron  has  also  produced  and  sup¬ 
plied  15%  of  all  cyclotron  based  radio-isotopes  in  Korea. 
This  service  has  greatly  contributed  towards  awareness  of 
the  potential  benefits  of  nuclear  medicine  afforded  by  parti¬ 
cle  accelerators  and  evoked  calls  for  similar  services  in  other 
hospitals  in  Korea.  So  far  only  two  hospitals  have  installed 
dedicated  cyclotrons  for  PET  (Positron  Emission  Tomog¬ 
raphy)  applications,  where  the  isotopes  of  interest  are  the 
four  clinically  significant  positron  emitters  150,  13N,  11C, 
and  18F  in  particular. 

At  the  KCCH,  increasing  desire  for  an  uninterrupted,  re¬ 
liable  and  timely  supply  of  the  isotopes  to  customers  has 
prompted  obtaining  a  dedicated  5-13  MeV  cyclotron  for 
PET  applications  and  pursuing  the  purchase  of  another  30 
MeV  medical  cyclotron  in  the  very  near  future.  A  decision 
has  been  made  to  design  the  PET  cyclotron  in  Korea.  This 
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will  not  only  ease  the  problems  associated  with  maintenance 
during  operation  but  also  keeps  the  door  open  for  contin¬ 
uous  upgrading  of  the  machine  in  the  future.  The  project 
is  supported  by  the  Ministry  of  Science  and  Technology 
(MOST)  of  the  government,  as  a  part  of  the  2nd  phase  of 
the  mid-  and  long-term  nuclear  energy  research  plan.  The 
cyclotron  construction  project  was  officially  started  in  April 
1999  and  is  to  be  completed  in  three  years. 

In  this  paper,  we  introduce  the  major  parameters  of  this 
13  MeV  PET  cyclotron  with  particular  emphasis  on  the 
magnetic  field  design  and  the  equilibrium  orbit  calculation. 


2  PARAMETERS 

Table  I  shows  major  design  parameters  for  the  13  MeV 
PET  cyclotron.  Maximum  beam  energy  was  chosen  to  be 
13  MeV  which  is  above  the  threshold  energy  for  18F  pro¬ 
duction.  A  four-sector  magnet  structure  is  employed  with 
radial-ridged  shape.  Hill  angle  is  chosen  to  be  46  degree,  but 
the  effective  hill  angle  seen  by  the  beam  increases  slightly 
in  radius  because  the  vertex  of  the  hill  is  not  at  the  center  of 
the  cyclotron,  as  will  be  described  later.  For  ion  source,  in¬ 
ternal  PIG  source  will  be  used.  Though  this  will  deteriorate 
the  vacuum  in  the  central  region,  it  is  more  economical  and 
simpler  than  adopting  an  external  ion  source.  In  order  to 
provide  an  efficient  vacuum  conducting  path  in  the  central 
region  of  the  cyclotron,  there  are  four  holes  in  the  valley 
region. 

Negatively  charged  hydrogen  ions  will  be  used  for  accel¬ 
eration  because  extraction  is  much  easier  than  for  positively 
charged  ions.  Accelerating  negative  ions  has  also  an  advan¬ 
tage  in  that  the  maximum  extracted  energy  can  be  varied 
easily  by  simply  repositioning  the  stripping  foil. 

Magnetic  fields  at  13  MeV  are  1.85  T  and  0.48  T  at  the 
hill  and  valley  centers,  respectively.  Maximum  average 
magnetic  field  is  about  1 .2  T.  Harmonic  number  is  four,  and 
therefore  the  radio  frequency  is  about  72  MHz.  Dee  voltage 
is  40  kV.  The  energy  gain  per  turn  is  given  by 

AE  =  iqVdeeSin^Y1,  (1) 

where  Vdee  is  the  dee  voltage,  h  is  the  harmonic  number  and 
6 dee  is  the  dee  angle.  With  Vdee- 40  kV,  h= 4,  0dee=43.6°, 
the  energy  gain  per  turn  is  A£'=159  kV.  The  total  number 
of  turns  to  reach  13  MeV  is  therefore  approximately  82. 
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Table  I :  Main  parameters  of  the  13  MeV  PET  cyclotron 


Parameter 

Unit 

Value 

Maximum  energy 

MeV 

13 

Beam  species 

Negative 

Number  of  sectors 

hydrogen 

4 

Ion  source 

Internal 

Hill  angle 

degrees 

negative  PIG 
46.0 

Valley  angle 

degrees 

44.0 

Maximum  average 
magnetic  field 

T 

1.2 

Harmonic  number 

4 

Radio-frequency 

MHz 

72 

Maximum  average  radius 
of  a  beam 

cm 

43 

Maximum  orbit  distance 
from  the  cyclotron  center 

cm 

45 

Maximum  magnetic  field 
at  the  hill  center 

T 

1.85 

Maximum  magnetic  field 
at  the  valley  center 

T 

0.48 

Beam  current 

/xA 

~20 

3  MAGNET  SYSTEM 

In  the  initial  stage  of  the  cyclotron  design,  major  cyclotron 
parameters  have  been  calculated  by  employing  a  simple 
first-order  theory  [1,  2]  in  beam  optics,  from  which  orbit 
radius,  average  magnetic  field,  fields  at  the  hill  and  valley, 
focusing  frequencies  are  determined  as  a  function  of  beam 
energy.  Fig.  1  shows  the  side  view  of  the  1 3  MeV  cyclotron. 
It  shows  that  the  height  is  approximately  93  cm  and  the 
diameter  is  187  cm.  For  magnetic  field  calculation  in  the 


Figure  1 :  Side  view  of  the  13  MeV  cyclotron 

yoke  and  valley  region,  a  two-dimensional  program  such 
as  POISSON  [3]  has  been  utilized.  Fig.  2  shows  the  two- 
dimensional  plot  of  the  magnetic  field  line  in  the  yoke  and 


valley  region,  which  is  obtained  with  the  help  of  POISSON 
program.  Total  current  per  each  coil  is  44,000  ampere-turns 
and  the  current  density  is  about  3  A/mm2. 


Figure  2:  Magnetic  field  lines  computed  by  POISSON 
The  OPERA-3D  program  was  used  to  calculate  the  three- 
dimensional  magnetic  field.  Fig.  3  shows  the  geometry  of 
the  cyclotron  modeled  by  the  OPERA-3D  program.  This 
figure  shows  four  holes  at  the  valley  center.  Presence  of 
these  holes  distorts  the  field  greatly.  A  step  by  step  opti¬ 
mization  of  the  magnet  geometry  is  thus  needed. 


Figure  3:  Cyclotron  geometry  modeled  by  OPERA-3D 
In  order  to  maintain  the  isochronous  field,  we  have  em- 
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ployed  a  variable  vertical  gap  along  the  radius  in  the  hill  re¬ 
gion,  rather  than  using  conventional  trim  coils.  This  makes 
the  cyclotron  operation  much  simpler,  avoiding  compli¬ 
cated  optimization  procedure  with  trim  coils.  Simplicity 
in  operation  is  very  important  for  hospital-based  cyclotron 
where  resources  for  technical  support  are  limited.  When 
the  vertical  hill  gap  decreases  in  steps  along  the  radius,  the 
average  magnetic  field  seen  by  an  accelerating  beam  is  in¬ 
creased  in  radius.  We  have  been  able  to  obtain  a  reasonable 
isochronism  by  adjusting  the  hill  gaps.  Difference  in  gap 
height  at  the  minimum  and  maximum  radius  is  about  6  mm. 
Fig.  4  shows  the  average  magnetic  field  as  a  function  of 
average  beam  radius.  In  this  figure  the  average  magnetic 
fields  are  the  averaged  fields  along  the  equilibrium  orbits. 
For  given  magnetic  fields,  equilibrium  orbits  are  found  by 
solving  linearized  equations  of  motion  whose  details  will 
not  be  described  here. 


Average  radiu9  (cm) 

Figure  4:  Average  magnetic  field  for  the  13  MeV  cyclotron  as  a 
function  of  radius 

Fig.  5  shows  the  frequency  error  due  to  the  magnetic 
field  given  in  Fig.  4.  The  vertical  axis  of  this  figure  in¬ 
dicates  wo/w  —  1,  where  u>o  is  a  fixed  frequency  which  is 
basically  the  radio  frequency  and  u>  is  the  angular  revolution 
frequency  of  a  particle.  From  this  figure,  one  can  obtain  the 
phase  error  of  the  particle  using 

sin <j){E)  =  sin  fc  +  /(—  -  1  )dE,  (2) 

qv  J  u 

where  the  integral  extends  from  the  initial  energy  Ei  where 
<j>  =  tpi  to  the  given  energy  E.  With  the  above  equation 
applied  to  Fig.  5,  we  obtain  the  total  phase  excursion  is 
within  ±15°. 

Horizontal  and  vertical  focusing  frequencies  ( vr  and  vz) 
are  also  obtained  from  the  equilibrium  orbit  calculation. 
Fig.  6  describes  the  excursion  of  vT  and  vz  from  injection  to 
extraction  radius.  The  lines  in  this  figure  represent  2vy  —  1, 
vx  —  3vy,  vx  —  1,  3ux  +  vy  =  4,  3vx  =  4,  3vx  -  t/y  =  -4 
resonances.  Therefore  these  are  the  structure(or  perfect) 
resonances  arising  from  the  4-fold  symmetry  of  the  magnet. 
It  is  seen  that  focusing  frequencies  are  sufficiently  away 
from  the  resonances. 


Average  radius  (cm) 


Figure  5:  Frequency  error  as  a  function  of  radius  for  the  13  MeV 
cycl 


Tune  Diagram 


Figure  6:  Time  diagram  for  the  13  MeV  cyclotron 

4  SUMMARY 

In  Korea,  design  studies  for  a  13  MeV  PET  cyclotron  have 
been  in  progress.  Currently,  design  of  main  magnets  and 
the  rf  system  are  being  carried  out.  When  completed  in 
2002,  this  cyclotron  will  serve  to  produce  short-lived  radio¬ 
isotopes  like  18F. 
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Abstract 

Feasibility  of  single  turn  extraction  in  a  high-field  separated 
sector  cyclotron  has  been  accessed.  Three  key  requirements 
are:  1)  larger  last-turn  separation  than  the  beam  width,  2) 
preservation  of  beam  quality  throughout  the  acceleration, 
and  3)  phase  space  matching  at  injection.  To  enlarge  sepa¬ 
ration  of  the  last-turn  orbital  precession  will  be  induced  at 
the  injection.  Traversal  of  the  i/r=1.5  resonance  can  affect 
the  radial  beam  width  of  light  nuclei  accelerating  to  the  en¬ 
ergy  above  300  MeV/u.  Tolerance  to  the  gradient  field  of 
third  harmonic,  which  causes  the  half-integer  resonance  in 
lowest  order,  was  estimated  to  be  0.1  gauss/cm.  The  effects 
of  vertical  resonances  were  also  evaluated,  and  the  result 
was  used  in  the  yoke  design.  Moreover,  longitudinal  space 
charge  forces  were  computed  for  a  realistic  charge  distribu¬ 
tion  of  beam  on  the  estimation  of  the  limiting  current. 

1  INTRODUCTION 

A  superconducting  separated-sector  cyclotron  is  to  be  built 
at  RIKEN  as  the  final  stage  energy-booster  of  the  primary 
beam  in  the  Radio  Isotope  Beam  Factory  (RIBF)  [1].  A 
prototype  sector  magnet  which  is  a  1/1  scale  for  the  com¬ 
plete  design  verification,  is  scheduled  to  be  complete  this 
year  [2].  The  prototype  contains  a  part  of  superconducting 
trim  coils  and  a  superconducting  injection  channel  magnet 
to  test  the  major  cyclotron  components  under  actual  mag¬ 
netic  fields.  The  maximum  fields  in  the  extraction  region 
of  the  sector  magnet  are  plotted  in  Fig.  1  for  some  design 
particles. 


Figure  1 :  Maximum  magnetic  fields  in  the  extraction  region 
of  the  SRC  for  design  nuclei. 

To  lessen  beam  induced  damages  extraction  should  be 
carried  out  without  much  losses.  A  larger  last-turn  separa¬ 
tion  than  the  radial  beam  spread  and  a  preservation  of  beam 
quality  are  the  prerequisites  for  single  turn  extraction.  Or¬ 
bit  trackings  have  been  performed  for  design  nuclei  using 


isochronized  magnetic  fields  which  were  obtained  by  least- 
square  fittings  with  the  main  and  trim  coil  fields  calculated 
using  TOSCA  [3]  at  several  different  levels  of  excitations. 
The  tune  diagram  of  those  nuclei  is  shown  in  Fig.  2. 


Figure  2:  Tune  diagram  of  the  design  nuclei  in  the  SRC. 

The  six  dimensional  phase  spaces  of  beam  should  be  well 
matched  with  acceptance  of  each  accelerator  to  avoid  dete¬ 
rioration  of  beam  qualities.  The  accelerator  chain  in  the 
RIBF  is  shown  in  Fig.  3.  We  are  particularly  concerned 
with  matching  at  the  SRC.  The  transverse  phase  spaces  need 
additional  selection  prior  to  the  injection  into  the  SRC.  The 
design  of  the  injection  line  is  underway,  and  will  be  de¬ 
scribed  elsewhere. 


SRC 


Figure  3:  Accelerator  chain  of  the  primary  beam  in  the 
RIBF. 

2  ENHANCEMENT  OF  LAST-TURN 
SEPARATION 

The  radius-gain  of  a  beam  in  cyclotron  is  given  as  below 

A r  7  AE  1 

=  1  T7~z? — 2’  (L 

an  7+1  E  v* 

where  7  is  the  relativistic  factor,  E  is  the  kinetic  energy  of 
beam,  and  AE  is  the  energy  gain  per  turn.  The  main  de¬ 
sign  particle  is  a  light  ion  accelerating  to  the  highest  design 
energy  400  MeV/u  because  of  its  smallest  turn  separation. 
The  radius  gain  of  such  an  ion  at  the  extraction  is  about  2- 
3  mm  when  a  practical  energy  gain,  by  rf  cavities  is  used, 
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while  the  radial  beam  spread  is  about  4  mm  when  the  beam 
emittance  is  3.5  n  mm-mrad.  Hence,  separation  of  the  last- 
turn  needs  to  be  enlarged. 

The  major  parameters  which  determine  the  turn  separa¬ 
tion  are  the  energy  gain  and  ur.  In  the  initial  design  three 
cavities,  which  were  symmetrically  interspersed  among  six 
sectors,  were  chosen  to  be  used  because  three  unoccupied 
valleys  can  comfortably  accommodate  the  flat-top  cavity 
and  electrostatic  injection  and  extraction  elements.  But  it 
was  conceived  afterward  to  be  worthwhile  to  employ  four 
cavities  at  the  cost  of  the  simple  layout.  Figure  4  shows 
the  layouts  of  both  schemes.  The  adoption  of  four  cavities 
makes  the  beam  injection  more  intricate  and  the  placement 
of  the  components  more  congested,  but  benefits  the  limit¬ 
ing  current  by  space  charge  forces.  On  the  other  hand,  the 
location  of  the  extraction  radius  is  to  be  finalized  in  rela¬ 
tion  to  the  vr  value,  while  maintaining  the  necessary  field 
isochronism. 

The  main  cavity  is  of  a  single-gap  type,  the  maximum 
voltage  is  600  kV  in  the  extraction  region  at  the  power  loss 
of  90  kW,  and  the  voltage  of  the  flat-top  cavity  is  200  kV  at 
30  kW  [4], 


Figure  4:  The  SRC  layouts  with  three  or  four  cavities.  In¬ 
jection  and  extraction  routes  are  indicated  by  arrows. 

The  last-turn  separation  is  to  be  enhanced  by  off- 
centering  at  the  injection.  In  usual  compact  cyclotrons, 
the  orbital  off-centering  at  the  traverse  of  the  radial  reso¬ 
nance  vr=\  would  hurt  beam  qualities,  but  in  high  energy 
separated-sector  cyclotrons  the  orbit  can  be  off-centered 
from  the  point  of  injection.  The  orbit  separation  with  pre¬ 
cession  can  be  written  as  [5] 

A  rp  =  Arc  +  Asin(  2nvr),  (2) 

where  A rc  is  the  radius-gain  of  a  centered  beam,  which  is 
the  same  as  A r  of  Eq.  1,  and  A  is  the  amplitude  of  preces¬ 
sion.  Figure  5  shows  the  radius-gain  as  a  function  of  energy 
gain  when  the  07+  beam  is  centered  and  off-centered.  In 
fact,  the  radius-gain  by  three  cavities  may  be  sufficient  to 
achieve  the  extraction  efficiency  over  99  %  for  the  beam 
with  current  of  lp/tA  aimed  at  Phase  I  of  the  project  [1] 
insofar  as  the  beam  quality  is  maintained.  However,  the 
four-cavity  scheme  is  largely  beneficial  on  the  high  current 
operation  as  demonstrated  at  the  PSI  proton  cyclotron  [6]. 


Figure  5:  Last-turn  separation  of  the  400  MeV/u  07+  beam 
when  the  beam  is  centered  and  off-centered  at  injection. 

3  PRESERVATION  OF  BEAM  QUALITY 

3.1  Effects  of  resonances 

Resonance  traversal  and  approach,  which  affect  beam  qual¬ 
ities,  have  been  investigated  by  workers  for  separated- 
sector  cyclotrons  [7].  We  have  performed  similar  stud¬ 
ies  using  numerical  methods  for  the  SRC  which  exhibits  a 
larger  flutter  field  and  thus  stronger  vertical  focusing  force 
than  in  existent  separated-sector  cyclotrons. 

When  the  SRC  accelerates  light  nuclei  above  300  MeV/u, 
the  iv =3/2  resonance  is  traversed.  In  the  presence  of  the 
gradient  field  of  third  harmonic,  the  radial  beam  spread 
will  increase  above  the  resonance  due  to  mismatching  in 
eigen-ellipses  across  the  resonance.  Tolerance  has  been  es¬ 
timated,  and  is  currently  set  to  be  0.1  gauss/cm.  Figure  6 
shows  a  case  of  rather  significant  mismatch  by  the  imposed 
gradient  field  of  0.7  gauss/cm.  Orbital  precession  would 
then  become  less  effective  in  enhancing  separation  of  the 
last-turn. 


Figure  6:  Phase  space  motion  with  and  without  precession 
near  the  extraction  region.  The  third  harmonic  gradient 
field  of  0.7  gauss/cm  is  imposed. 

As  shown  on  the  tune  diagram  in  Fig.  2,  the  vz  =3/2  is  tra¬ 
versed  while  the  z/z=l  is  kept  away.  This  tune  arrangement 
is  due  to  the  fact  that  the  integer  imperfection  resonance  is 
more  harmful  than  the  half-integer  one.  The  vz  of  the  ions 
with  q/A=0.5  is  1.07  under  the  design  field  at  the  energy 
around  390  MeV/u,  and  is  1.08  at  400  MeV/u.  The  first 
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harmonic  Br  near  the  vz= 1,  its  presence  being  everywhere 
in  the  cyclotron,  induces  a  vertically  coherent  oscillation 
whose  amplitude  ( zeo )  is  given  if  the  smooth  approxima¬ 
tion  is  used  by 

<C  5  >  1 

zeo(u>t)  =  r— ■■■  ■  r  —  — - -cos(ujt  +  ( i>),  (3) 

<  Bz  >  v%  -  1 

where  the  bracket  indicates  an  azimuthal  average.  Con¬ 
sidering  that  the  half  height  of  the  beam  chamber  is  3  cm, 
the  first  harmonic  Br  should  be  kept  much  smaller  than  10 
gauss  if  the  minimum  vz  is  1.07. 

3.2  Space  charge  effects 

Space  charge  forces,  transversal  and  longitudinal,  limit  the 
beam  current  in  a  cyclotron  [8].  The  transversal  space 
charge  forces  are  usually  crucial  at  the  low  energy  end  of 
the  cyclotron  chain,  thus  at  the  injection  into  the  RRC,  while 
the  longitudinal  space  charge  forces  can  limit  the  beam  cur¬ 
rent  throughout  the  chain.  The  transversal  limiting  current 
at  the  RRC  is  high  in  the  range  of  tens  of  mA.  Hence,  the  ef¬ 
fects  of  longitudinal  space  charge  forces  have  been  mainly 
considered. 

To  compute  the  longitudinal  space  charge  forces,  the 
beam  charge  distribution  should  be  known,  but  the  actual 
charge  distribution  can  be  complicated  especially  when  the 
orbits  are  in  precession  as  seen  in  Fig.  6.  The  distribution 
has  been  measured  for  the  Ti  beam  extracted  from  the  RRC 
[9]  as  shown  in  Fig.  7.  At  the  injection  point  of  the  SRC  the 
charge  distribution  was  obtained  by  ion  tracking  through 
the  transport  line  which  involves  a  buncher/debuncher  for 
longitudinal  phase  space  matching.  The  buncher  is  to  be 
located  in  between  the  RRC  and  IRC. 


Figure  7:  Charge  distribution  of  beam  extracted  from  the 
RRC  as  a  function  of  bunch  length,  which  is  measured,  and 
at  the  injection  point  of  the  SRC. 

The  Gordon  formalism  [10]  was  used  to  compute  the 
electric  fields  of  beam  bunch  as  a  function  of  azimuth.  The 
formalism  includes  image  charge  effects  due  to  the  beam 
chamber.  The  electric  field  as  a  function  of  (j)  is  given  as 

E»(4>)  =  2F0G(<f>)13,  (4) 

where  Fq  is  the  quantity  having  an  electric  field  unit  and 
G(<j>)  is  a  dimensionless  field  function  specified  by  the  geo¬ 
metric  parameters.  G(<f>)  was  calculated  for  the  SRC  beam 


with  charge  distribution  of  Fig.  7,  and  is  plotted  in  Fig.  8. 
The  beam  height  is  assumed  to  be  6  mm  with  a  rectangular 
charge  distribution.  Conducting  planes  are  at  z=  ±3  cm. 

The  limiting  current  is  defined  as  the  current  when  the 
last-turn  separation  disappears  due  to  the  beam  energy 
spreads  induced  by  longitudinal  space  charge  forces.  The 
maximum  electric  field  at  1  p/iA  is  about  25  V/m  for  the 
07+  beam,  and  the  limiting  current  is  estimated  to  be  3 
PM- 

The  dashed  line  in  Fig.  8  indicates  a  correction  of  the 
space  charge  forces  by  controlling  the  relative  rf  phase  be¬ 
tween  the  main  and  fiat-top  cavities.  If  the  charge  distribu¬ 
tion  of  actual  beam  has  symmetry  with  respect  to  the  central 
phase,  such  a  correction  is  expected. 


Figure  8:  G(<p)  as  a  function  of  phase  angle  assuming  sym¬ 
metric  beam  charge  distribution  w.r.t.  the  central  phase. 
The  dashed-line  indicates  a  compensation  of  maximum  E9 . 

4  CONCLUDING  REMARKS 

The  number  of  rf  cavity  was  increased  from  3  to  4  for  fur¬ 
ther  enhancement  of  the  last-turn  separation  at  the  cost  of 
comfortable  layout  of  the  cyclotron  components.  The  pro¬ 
totype  magnet  which  is  under  construction  will  be  used  to 
gain  experiences  in  alignments  and  thus  to  better  estimate 
unwanted  harmonic  field  components,  as  well  as  to  test  the 
performance  of  the  sector-magnet.  The  longitudinal  space 
charge  forces  have  been  approximately  computed,  so  that 
continual  efforts  are  required  along  with  measurements. 
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Abstract 

Multi-orbit  synchrotron(MOS)  with  fixed  field  alternating 
gradient(FFAG)  focusing  is  attractive  for  acceleration  of 
high  intensity  hadron  beams  because  acceleration  cycle 
could  be  increased.  The  magnetic  field  of  MOS  is  static, 
therefore,  the  repetition  rate  of  acceleration  could  be  in¬ 
creased  more  than  10  times  larger  than  that  of  ordinary  rapid 
cycling  synchrotron(RCS)  if  an  efficient  high  voltage  RF 
accelerating  system  becomes  available.  Recently,  a  new 
type  of  high  gradient  RF  cavity  (HGC)  using  high  perme¬ 
ability  magnetic  alloy  (MA)  has  been  developed  and  MOS 
with  FFAG  focusing  becomes  very  promising.  In  order  to 
clarify  the  feasibility  of  rapid  cycling  MOS  (RCMOS)  ex¬ 
perimentally,  proof-of-principle  (POP)  machine,  which  ac¬ 
celerates  protons  up  to  IMeV  with  1kHz  repetition,  is  un¬ 
der  development.  We  have  also  made  several  designs  on 
high  intensity  proton  accelerators  with  RCMOS  for  various 
applications  such  as  accelerator  driven  system(ADS)  for 
energy  breeder,  spallation  neutron  source  and  proton  driver 
for  muon  collider. 

1  INTRODUCTION 

High  intensity  medium  energy  (  lGeV-  lOGeV  )  proton 
beams  are  required  for  many  applications  such  as  spalla¬ 
tion  neutron  source,  accelerator-driven  system  (ADS)  for 
nuclear  energy  production,  proton-driver  for  muon  collider, 
etc.  In  these  applications,  large  beam  power  of  more  than 
1MW  is  requested.  In  order  to  realize  such  large  beam 
power  with  ordinary  proton  synchrotron,  rapid  cycling  of 
beam  acceleration  is  inevitably.  For  example,  an  high  in¬ 
tensity  cyclotron  with  superconducting  magnets  has  been 
discussed  for  ADS  as  a  possible  candidate  for  the  cyclic 
accelerators.  This  is  believed  mostly  because  of  the  expe¬ 
rience  at  the  PSI  cyclotron,  which  has  obtained  about  more 
than  1MW  beams  so  far.  As  for  a  synchrotron,  it  has  been 
thought  that  it  would  be  almost  useless  for  ADS  because 
the  operation  is  a  pulsed  mode  and  the  average  beam  cur¬ 
rent  is  small.  The  magnetic  field  is  time  varying  according 
to  beam  acceleration  in  the  synchrotron,  the  eddy-current 
power  loss  in  the  magnets  becomes  serious  when  the  rep¬ 
etition  rate  of  the  accelerating  cycle  is  increased  and  the 
magnetic  field  ramping  exceeds  more  than  200T/sec.  On 
the  other  hand,  the  accelerated  particle  number  per  pulse  is 
limited  by  the  space-charge  effect.  Practically,  the  maxi¬ 
mum  repetition  of  the  rapid  cycling  synchrotron  is  limited 
*E-mail:  Yoshiharu,Mori  @kek.jp 


to  be  less  than  50Hz  or  so.  Therefore,  the  maximum  avail¬ 
able  beam  power  would  be  at  most  about  1MW[1].  How¬ 
ever,  the  beam  in  the  synchrotron  is  stable,  because  it  is 
strongly  focused  in  the  transverse  and  longitudinal  direc¬ 
tions,  and  the  instantaneous  beam  current  in  the  ring  be¬ 
comes  very  large.  Fixed-field  alternating  gradient  (FFAG) 
synchrotron,  thus,  becomes  attractive  for  this  purpose. 

Another  issue  is  an  electric  power  efficiency  in  operation 
of  high  intensity  accelerator.  For  such  large  beam  power 
accelerator,  the  electric  power  required  for  operation  in¬ 
creases  to  an  acceptable  level  if  the  electric  power  efficiency 
is  small.  The  operational  electric  power  efficiency  of  the 
accelerator  is  defined  by  the  ratio  of  the  total  beam  power 
to  the  total  electric  power  requested  for  operation  of  the 
whole  accelerator  system.  In  order  to  make  the  ADS,  for 
example,  in  a  realistic  manner,  the  electrical-power  effi¬ 
ciency  should  be  at  least  more  than  30%.  The  beam  power 
can  be  expressed  by  the  product  of  the  beam  energy  and  the 
averaged  beam  current.  The  requested  beam  power  for  ADS 
would  be  at  least  1 OMW.  Since  a  beam  energy  of  1  -3GeV 
is  most  practical  for  ADS  if  the  accelerated  particles  are 
protons,  the  average  beam  current  should  be  aboutlOmA. 
The  accelerator  comprises  mainly  the  magnet  and  the  rf  ac¬ 
celerating  systems.  During  operation,  the  80-90%  of  the 
total  electricity  of  the  accelerator  is  dissipated  for  these  two 
systems.  The  electric  power  consumed  by  the  magnet  sys¬ 
tem  can  be  dramatically  reduced  by  using  a  superconduct¬ 
ing  technique,  and  can  become  negligibly  small.  On  the 
other  hand,  the  electric  power  dissipated  by  the  rf  acceler¬ 
ating  system  would  still  be  an  issue  even  if  a  superconduct¬ 
ing  rf  system  is  applied.  The  rf  electric  power  for  the  ac¬ 
celerating  cavity  system  is  given  by, 
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Here,  V  is  the  total  rf  voltage  requested  for  beam  accelera¬ 
tion,  Rs  the  effective  shunt  impedance  of  the  accelerating 
cavity  per  unit  length  and  L  the  total  length  of  the  accelera¬ 
tor.  In  a  linear  accelerator,  the  total  length  of  the  accelera¬ 
tor  should  be  kept  small  because  of  the  site  limitation  and 
also  to  minimize  the  initial  construction  cost.  Thus,  a  su¬ 
perconducting  rf  cavity  system  is  inevitably  essential  in  a 
linear  accelerator  system  to  reduce  the  total  rf  power  re¬ 
quested  for  operation  by  increasing  the  effective  shunt  im¬ 
pedance.  On  the  other  hand,  for  a  cyclic  accelerator,  such 
as  cyclotron  or  synchrotron,  the  situation  is  more  reluctant, 
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because  the  cyclic  accelerator  is  regarded  as  being  a  very 
long  accelerator.  More  than  50%  electric  power  efficiency 
seems  to  be  possible  in  a  cyclic  accelerator,  even  if  the  nor¬ 
mal  conducting  rf  cavity  is  used. 

2  MULTI-ORBIT  SYNCHROTRON  WITH 
FFAG  FOCUSING 


A  multi-orbit  synchrotron(MOS)  using  fixed-field  alternat¬ 
ing  gradinet(FFAG)  focusing  seems  to  be  very  attractive 
for  this  purpose,  because  the  repetition  rate  of  the  acceler¬ 
ating  cycle  could  be  raised  ten  times  or  more  compared  to 
that  of  the  ordinary  synchrotron.  The  idea  of  a  MOS  using 
a  FFAG  was  proposed  independently  by  Ohkawa[2], 
Symon[3]  and  Kolomensky[4]  in  the  early  1950’s,  and  elec¬ 
tron-beam  machines  demonstrating  this  principle  have  been 
successfully  built  in  the  MURA  project.  [3]  In  MOS 

with  FFAG  focusing,  where  the  magnetic  field  is  constant 
in  time,  the  shape  of  the  magnetic  field  should  be  such  that 
the  betatron  tunes  for  both  the  horizontal  and  vertical  planes 
should  be  constant  for  all  closed  orbit,  and  departing  from 
all  of  the  dangerous  resonance  lines.  The  condition  above 
is  called  “  zero-chromaticity”. 


d 

=  0,  - 

dp 

l*oJ 

dp 

v=const . 

=  0. 


O=const. 


A  magnetic  field  satisfying  the  scaling  conditions  described 
above  must  generally  have  the  form  , 


B(r,6)  =  Bt 


n  ( 


G-g\n- 


Table.l  Fundamental  parameters  of  1.5GeV  FFAG  syn¬ 
chrotron. 


Injection  Energy 

0.25  GeV 

Extraction  Energy 

1.5  GeV 

Beam  Intensity 

5.5xl0!3ppp 

Repetition  Rate 

750Hz 

Average  Beam  Current 

6.6mA 

No.  of  Sectors 

16 

Circumference  Factor 

2.68 

Average  Beam  Radius 

injection 

12.2m 

extraction 

13.4m 

Magnetic  Field 

injection 

0.536T 

extraction 

1.5T 

Field  Index 

10.5 

Effective  Field  Index 

3.9 

Spiral  Angle 

64.6  deg 

Fractional  Angle 

8.34  deg 

Betatron  oscillation  tune 

horizontal 

3.73 

vertical 

3.23 

Transition  Gamma 

3.442 

Max.  RF  Voltage 

0.56MV 

RF  Frequency 

2.39MHz~3.3  MHz 

where  g  is  a  spiral  angle.  If  g  is  zero,  the  magnetic  field 
does  not  depend  on  Q ,  and  the  corresponding  orbit  points 
are  distributed  on  a  radial  vector.  The  type  of  having  this 
magnetic  shape  is  called  “  radial  sector”.  One  the  other 
hand,  if  Q  behaves  in  a  logarithmic  manner,  such  as 

d-g\n  —  =COnst ., 

the  orbits  remain  geometrically  similar,  but  move  around 
the  beam  center  towards  larger  radii.  This  type  is  called  “ 
spiral  sector”. 

The  MOS  with  FFAG  focusing  is  very  attractive  for  accel¬ 
eration  intense  proton  beams  as  described  above  and  sev¬ 
eral  proposals  have  been  submited.[5][6]  However,  no 
practical  proton-beam  machine  has  been  built  so  far.  One 
of  the  most  difficult  technical  issues  to  realize  a  high-rep¬ 
etition  MOS  is  rf  acceleration.  The  requested  accelerating 
rf  voltage  per  one  turn  is 

AV  =  2n{\  +  n){^£jp. 

Here,  dr/dt  is  the  orbit  excursion  rate.  In  the  case  of  alGeV 
MOS  with  the  repetition  rate  of  1kHz,  the  requested  rf  volt¬ 
age  becomes  almost  1MV.  This  is  a  rather  difficult  num¬ 
ber  if  an  ordinary  ferrite-loaded  rf  cavity  is  applied,  which 

Design  of  magnet 


Fig.l  IMeV  MOS  proof-of-principle  machie. 


has  been  conventionally  used  for  the  proton  synchrotron  so 
far.  In  the  ordinary  ferrite-loaded  rf  cavity,  the  maximum 
accelerating  field  gradient  is  at  most  10  kV/m  or  so.  There¬ 
fore,  more  than  100m  long  straight  sections  are  necessary 
for  the  rf  cavities  in  the  ring,  although  the  total  circumfer¬ 
ence  of  the  lGeV  MOS  would  be  less  than  150m.  Re¬ 
cently,  a  new  type  of  high-gradient  rf  cavity  using  a  high- 
permeability  magnetic  alloy  has  been  developed  at  KEK 
for  the  JHF  project,  and  a  field  gradient  of  lOOkV/m  has 
been  successfully  achieved.  [7]  Using  this  high-gradient 
cavity,  the  most  difficult  technical  issue  in  realizing  a  high- 
repetition  MOS  can  be  solved. 

A  preliminary  design  of  the  1 .5GeV  and  10MW  beam  power 
MOS  with  FFAG  focusing  has  been  carried  out.[8]  The  fun¬ 
damental  parameters  are  listed  in  Table  1 . 
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Fig.2  Magnetic  field  con¬ 
figuration  calculated  with 
OPERA-3D. 


3  1-MeV  AND  1-kHz  POP  MACHINE 


In  order  to  clarify  the  availability  of  very  rapid  cycling  in 
MOS  with  FFAG  focusing,  we  have  been  developing  a  small 
POP(  proof-of-principle)  machine.  In  this  POP  machine, 
the  maximum  energy  is  limited  to  IMeV  but  the  repetition 
rate  of  acceleration  is  1kHz.  The  magnet  configuration  is 
a  radial  sector  type  and  eight  fold  symmetry  is  chosen  as 
shown  in  Fig.  1 .  Each  sector  consists  of  three  dipole  mag- 
nets  which  form  a  triplet  focusing  configuration 
DFD(defocus-focus-defocus)  and  field  index  of  each  dipole 
magnet  is  2.5,  respectively.  The  maximum  magnetic  fields 
of  the  focusing  and  defocusing  dipole  magnets  are  0.5T  and 
0.2  T,  respectively.  The  magnetic  field  configurations  in 
three  dimensional  directions  are  calculated  with  OPERA- 
3D  (Fig.  2)  and  their  results  are  used  for  beam  tracking  simu¬ 
lation.  The  average  beam  radius  changes  from  0.81m  to 
1.13m  according  to  the  increase  of  beam  energy  from 
lOOkeV  to  l.lMeV.  The  half  gap  heights  of  the  magnet  at 
the  radius  of  0.75m  and  1.15m  are  73mm  and  25  mm,  re¬ 
spectively. 

The  betatron  tunes  for  horizontal  and  vertical  directions 
are  varied  with  field  index  and  the  product  of  the  magnetic 
field  and  the  effective  magnet  length  (Bl-product).  The 
lines  in  Fig.  3  show  the  variations  of  the  betatron  tunes  for 
both  directions  calculated  with  the  SAD  code.  The  design 
values  of  betatron  tunes  for  horizontal  and  vertical  direc¬ 
tions  are  2.25  and  1.35,  respectively.  The  open  squares 
and  circles  in  Fig.  3  show  the  betatron  tunes  for  two  differ- 

'Ivm 


Fig.  3  Betarton  tune 
diagra  of  IMeV  POP 
machine.. 


*  «  «  *  * 


ent  field  indices  of  2.5  and  2.0,  respectively,  which  are  ob¬ 
tained  with  beam  tracking  simulation  for  3D  magnetic  field 
configurations  presented  in  Fig.  2.  The  betatron  tunes  are 
slightly  different  from  those  estimated  by  SAD  and  change 
gradually  during  acceleration.  The  beam  behaviors  in  the 
transverse  direction  obtained  by  beam  tracking  simulation 
are  shown  in  Fig.  4.  The  rf  frequency  changes  from 
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Fig.  4  Particle  tracking  simulation  in  transeverse  direction. 

0.85MHz  to  2.05MHz.  At  the  condition  of  the  constant 
radial  displacement  as  a  function  of  time  (dr/dt=const.),  the 
rf  voltage  has  to  be  increased  from  1 . 1  kV  to  3 . 1  kV.  This 
rf  voltage  can  be  easily  obtained  by  a  magnetic  alloy(MA) 
loaded  rf  cavity.  [7]  The  longitudinal  beam  motions  cal¬ 
culated  by  beam  tracking  simulation  are  shown  in  Fig.5. 


Fig.5  Particle  tracking  simulation  in  longitudinal  direction. 

4  SUMMARY 

A  1.5GeV  and  10MW  multi-orbit  proton  synchrotron 
(MOS)  with  fixed  field  alternating  gradient  (FFAG)  focus¬ 
ing  has  been  designed.  Although  the  repetition  rate  for 
accelerating  cycle  is  rather  high,  750  Hz,  the  required  rf 
voltage  is  relatively  small,  only  580,  because  of  its  small 
ring  size.  A  IMeV  POP(proof-of-principle)  proton  machine 
with  1kHz  repetition  is  under  development. 
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Abstract 

The  Intense  Pulsed  Neutron  Source  (IPNS)  Rapid  Cycling 
Synchrotron  (RCS)  delivers  450-MeV  protons  in  70  ns 
pulses  at  30  Hz  to  a  heavy-metal  target  producing 
spallation  neutrons  for  material  science  research.  The 
average  current  extracted  from  the  RCS  is  15  |iA  with  a 
peak  intensity  of  10  Amps.  The  large  circulating  currents 
in  the  RCS  generate  oscillations  in  the  bunch  which  are 
presently  controlled  by  modulating  the  phase  of  the  two  rf 
cavities.  By  adding  second  harmonic  (SH)  rf,  the  bunch 
length  can  be  increased  reducing  the  peak  current. 
Simulations  suggest  that  a  20-40  percent  increase  in 
extracted  current  should  be  achievable.  The  simulation 
program  allows  for  phasing  between  fundamental  and  SH 
rf  voltages.  Initial  studies  to  optimize  phase  indicate  the 
need  to  maximize  bucket  area  early  in  the  acceleration 
cycle,  whereas  bunching  factor  is  more  significant  later  in 
the  cycle. 


1  INTRODUCTION 

During  the  1998  Fiscal  Year,  the  Intense  Pulsed  Neutron 
Source  (IPNS)  conducted  354  experiments  and  was 
oversubscribed  by  almost  a  factor  of  two.  IPNS  is  looking 
at  several  options  to  accommodate  the  demand  for 
neutrons.  One  option  is  to  increase  the  neutron  flux 
available  from  the  source  by  raising  the  incident  proton 
beam  current.  Installing  a  second  harmonic  (SH)  rf  cavity 
in  the  RCS  will  increase  the  current  limit  of  the 
synchrotron  and  decrease  capture  losses.  The  SH  rf  cavity 
should  raise  proton  current  to  the  target  by  20-40  percent. 
Based  upon  this  increase,  IPNS  could  conduct  an 
additional  100  experiments  annually.  Alternatively, 
higher  current  would  improve  the  signal-to-noise  ratio  in 
collected  data  or  provide  better  resolution  for  experiments. 

SH  rf  was  first  proposed  for  the  IPNS  in  the  early 
1980’s  but  not  pursued  due  to  funding  constraints  and  loss 
of  personnel!  1].  Elsewhere,  ISIS  is  preparing  to  install  a 
SH  system  which  is  expected  to  result  in  a  50  percent 
increase  in  current  from  their  RCS[2,3]. 

2  MODELING 

Several  approaches  are  used  to  model  capture  and 
acceleration  in  the  RCS.  A  longitudinal  particle  dynamics 


code,  CAPTURE_SPC[4,5](CAPT)  is  employed  to  study 
trapping  and  loss  of  injected  beam  including  the  effects  of 
space  charge.  A  predictor-corrector  algorithm  is  used  to 
independently  compare  phase-space  area  to  that  calculated 
with  CAPT  for  the  case  of  no  space  charge.  Both  analyses 
yield  essentially  identical  results  for  the  bucket  phase- 
space  area.  The  evolution  of  RCS  bucket  size  during  the 
acceleration  cycle  is  shown  in  Figure  1 . 


Figure  1:  Evolution  of  stable  phase-space  in  the  RCS 
showing  the  effect  of  SH  rf  and  space-charge 


Longitudinal  equations  of  motion  for  energy  and  phase 
may  be  written  as, 


_d_  AE 
dt  C0o 


=  —  [V(fc  6)  -  V  (<t>s ,  9) + Vsc  (<!>)] 


(1) 


hco0r| 

P2es 


AE, 


(2) 


where  q  is  the  charge,  V  is  the  amplitude  of  the  rf  voltage, 
<|>  is  the  phase  of  the  bunch  with  respect  to  the  rf,  h  is  the 
harmonic  number  (h=l,  in  the  IPNS  RCS),  00^  is  the 
cyclotron  frequency,  1)  is  the  slip  factor,  |5  =  v/c,  E  is  the 
total  energy  of  the  particle,  and  the  subscript  s  refers  to  the 
synchronous  particle.  In  the  RCS  (3  varies  from  0.316  at 
injection  to  0.737  at  extraction  corresponding  to  a 
frequency  range  of  2.21-5.14  MHz.  Allowing  for  the 
presence  of  a  second  harmonic, 
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V(<(>,  0)  =  V[sin(<|>)  -  8  sin(2<j)  +  0)]  (3) 


where  8  is  the  ratio  of  second  to  first  harmonic  amplitudes 
and  0  is  phase  shift.  The  space  charge  term  may  be 
expressed  as, 


vsc=-q 


<fl<40 

d(|> 


Rg0 

2e0Y2 


-LP2c2 


(4) 


where  X  is  line  density,  g0  is  the  capacitive  coupling 
factor,  and  L  is  total  inductance  per  turn.  CAPT  tracks 
particles  using  a  leap-frog  algorithm  to  achieve  second- 
order  accuracy.  Figure  2  presents  phase-space  and 
separatrix  results  for  the  RCS  with  fundamental-only  rf,  8 
ms  after  injection.  A  gaussian  energy  spread  is  assumed 
at  injection  with  Ap/p=0.3  percent,  FWHM. 


-3-2-10123 


phase  (rad) 


Figure  2:  a)  Bunch  and  phase-space  from  CAPT  and  b) 
current  profiles  from  CAPT  (□)  and  HP  ( — )  for 
fundamental-only  rf  at  t=8  ms. 


2.1  Bunch  Factor 

With  proper  phasing,  SH  rf  raises  the  bunch  factor  (BF) 
by  flattening  the  longitudinal  current  density  profile. 
Reducing  the  peak  current  density  is  one  method  of 
delaying  the  onset  of  current-driven  instabilities^, 7],  BF 
is  defined  as, 


BF  = 


1 


(<t>2 

271^1  I 


I«t>) 


d<j) 


(5) 


The  original  implementation  of  CAPT  has  been  modified 
to  allow  for  variation  in  0  to  optimize  BF.  In  Figure  3, 
CAPT  results  are  presented  with  8=0.55  and  0=- 1.072  rad, 


which  maximizes  BF  at  0.487;  for  the  fundamental-only 
case  shown  in  Fig.  2,  BF=0.306.  In  both  cases,  the  same 
rf  voltage  program  is  used. 


2  p  i  i  i  i  i  r 


-2  U _ I _ I _ _l _ I _ I _ L 


-3-2-10123 


phase  (rad) 


Figure  3:  Same  as  Fig.  2  but  with  SH  (8=0.55)  and  0  to 
maximize  BF. 


2.2  6  and  Losses 

Modifying  0  can  help  reduce  acceleration  losses.  For  the 
IPNS  rf  voltage  program,  the  bucket  tends  to  shrink  until 
reaching  a  minimum  near  B  max  .  CAPT  predicts  that 
after  the  initial  trapping  loss,  particles  continue  to  leave 
the  bucket  as  the  bunch  is  accelerated.  The  bunch  fills  the 
entire  available  phase-space  after  capture;  therefore,  any 
reduction  in  the  bucket  size  will  result  in  losses.  The 
reduction  in  bucket  size  between  3  and  7  ms  is  evident  in 
Fig.  1.  For  a  given  8,  maximizing  BF  during  the 
acceleration  cycle  by  varying  0,  results  in  a  smaller  stable 
phase-space  area  (bucket  size)  than  with  0=0.  The 
resulting  loss  can  be  seen  in  Figures  4  a)  and  b).  Note  that 
overall  efficiency  is  improved  relative  to  the  0  profile 
where  BF  is  maximized  (0m  ).  However,  to  increase  the 
current  limit  of  the  machine,  0  should  be  varied  to 
increase  the  BF.  The  simulation  shows  that  it  should  be 
possible  to  adjust  0  to  maximize  bucket  size  early  in  the 
cycle,  then  increase  the  BF  to  reduce  the  peak  currents 
during  the  later  stages  of  acceleration.  One  possible 
strategy  is  presented  in  Figure  5.  The  SH  phase  angle  is 
kept  at  0  until  B  max  (8  ms,  just  after  the  minimum  bucket 
size),  then  ramped  to  0m  at  t=10  ms.  The  BF  is  brought 
to  its  maximum  value  after  B  max  ,  where  stable  phase- 
space  is  increasing  with  time  and,  according  to  the 
analysis,  acceleration  losses  cease. 
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time  after  injection  (ms) 


Figure  4a:  Capture  and  acceleration  losses 


Figure  4b:  Integrated  loss  rate  for  three  rf  cases:  5=0.55, 
0=0;  5=0.55,  0=0m ;  and  fundamental  rf  only. 


3  CURRENT  LIMITS 

Hoffman-Pedersen  (HP)  distributions^]  are  used  to 
examine  current  limits  in  the  RCS.  HP  current  profiles 
are  shown  in  Figures  2  and  3  along  with  CAPT  results. 
For  the  case  of  fundamental-only  rf,  peak  current  values  at 
8  ms  are  6.7  A  and  7.1  A  from  HP  and  CAPT, 
respectively;  using  SH  rf  with  amplitude  and  phase  as 
shown  in  Fig.  3,  the  peak  currents  are  4.5  A  and  5.1  A. 
HP  analysis  indicates  a  microwave  instability  current  limit 
for  the  machine  in  the  range  of  10-11  A.  In  the 
fundamental  case  just  prior  to  extraction,  peak  current  has 
risen  to  10.8  A  according  to  CAPT,  in  agreement  with 
current-toroid  measurements.  With  phased  SH  rf,  near 
extraction  time,  calculations  with  CAPT  predict  a  peak 
current  of  7.8  A  for  the  same  injected  charge. 

Presently,  the  IPNS  RCS  is  operating  close  to  its 
current  limit.  By  introducing  SH  rf  with  a  third  cavity,  it 
should  be  possible  to  raise  the  current  delivered  to  the 
target  by  20-40  percent. 


Figure  5:  Phasing  of  the  SH  rf  for  a)  maximum  BF  and  b) 
better  transmission  (5=0.55).  Phase-space  contours  before 
and  after  the  ramp  are  also  shown. 
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Abstract 

In  preparation  for  the  start  of  experiments  using  the 
Relativistic  Heavy  Ion  Collider  (RHIC)  at  Brookhaven 
National  Laboratory  (BNL),  several  significant  upgrades 
and  improvements  were  made  at  the  Tandem  Van  de 
Graaff.  Ion  source  developments  have  increased  the  beam 
current  injected  into  the  tandem,  while  improvements  in 
foil  manufacture  and  quality  control  have  resulted  in 
better  transmission  and  longer  lifetimes  for  the  carbon 
stripper  foils.  An  oscillating  stripper  foil  chamber  has 
been  successfully  operated  in  the  high  voltage  terminal. 
These  improvements  have  increased  the  amount  of  gold 
ions  available  from  the  tandem  to  9xl09  ions  per  pulse, 
which  is  a  factor  of  three  increase  in  the  last  3  years. 

A  second  tandem  Van  de  Graaff  is  presently 
being  upgraded  and  connected  to  the  tandem-to-booster 
transfer  line.  Once  the  upgrade  is  complete  both  tandems 
will  have  the  ability  to  deliver  ions  to  RHIC.  It  will  also 
be  possible  for  one  tandem  to  inject  RHIC  while  the  other 
provides  beam  to  a  local  target  room,  or  to  an  application 
facility  at  the  AGS  Booster. 


1  INTRODUCTION 

The  two  MP  Tandem  Van  de  Graaffs  (MP6  and  MP7)  at 
Brookhaven  National  Laboratory  (BNL)  began  providing 
heavy  ions  to  local  target  rooms  in  1970.  In  1986  a 
transfer  line  approximately  680  meters  long  allowed  the 
tandems  to  directly  inject  heavy  ions  into  the  Alternating 
Gradient  Synchrotron  (AGS)  for  further  acceleration. 
With  the  completion  of  the  Booster  Synchrotron  in  1992 
the  transfer  line  was  extended  and  gold  ions  could  be 
accelerated  in  both  the  Booster  and  the  AGS.  In  May  of 
1999,  the  Tandem  Van  de  Graaffs  will  enter  a  new  era 
when  MP7  begins  delivering  gold  ions  for  the  Relativistic 
Heavy  Ion  Collider  (RHIC). 

The  accelerating  scheme  for  RHIC  is  shown  in 
figure  1.  Negative  ions  are  produced  by  a  cesium  sputter 
ion  source  and  then  are  accelerated  to  the  terminal  of  the 
tandem.  There  the  beam  passes  through  a  2  pg/cm2  carbon 
stripper  foil  and  is  stripped  to  the  +12  charge  state.  The 
gold  ions  are  accelerated  back  to  ground  potential  where 
they  are  stripped  to  the  +31  or  +32  charge  state  using  an 


object  stripper  foil  approximately  13  pg/cm2  thick.  This 
beam  is  then  transported  to  the  Booster  where  it  is 
accelerated  further,  stripped,  transferred  to  the  AGS 
where  it  is  again  accelerated  and  stripped,  and  finally  fills 
the  two  counter-rotating  rings  of  RHIC. 

RHIC  ACCELERATION  CONFIGURATION 


Figure  1:  RHIC  Acceleration  Configuration 

The  Booster  requires  short  pulses  of  high  charge 
state  beams  at  approximately  IMeV/nucleon.  To  achieve 
this  the  terminal  of  MP7  is  run  at  14  MV  and  the  cesium 
sputter  ion  source  is  operated  in  a  pulsed  beam  mode[l]. 
Pulsing  the  ion  source  allows  several  orders  of  magnitude 
higher  instantaneous  beam  currents  to  be  injected  into  the 
tandem  than  conventional  DC  operation  without  damage 
to  the  accelerator.  The  pulse  length  from  the  ion  source 
can  be  as  long  as  2  msec  however  it  is  usually  operated  at 
between  500  psec  and  1000  psec.  For  the  AGS  fixed 
target  program  the  acceleration  cycle  typically  calls  for 
the  tandem  to  deliver  a  pulse  once  every  3.5  sec.  In  the 
collider  mode  of  operation  the  requirements  are  to  deliver 
4  pulses  separated  by  200  msec  once  every  3.5  sec  for 
approximately  1  minute,  until  both  rings  of  the  collider  are 
full[2].  The  next  request  to  fill  the  rings  should  occur  on 
the  order  of  10  hours  later. 
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The  experience  gained,  by  injecting  heavy  ions 
into  the  AGS  and  the  Booster  has  led  to  a  number  of 
improvements  in  the  last  few  years.  The  improvements 
that  have  been  made  or  are  planned  in  the  near  future  are 
discussed  below. 

2  ION  SOURCE  IMPROVEMENTS 

There  has  been  a  research  and  development  effort  for  a 
number  of  years  to  improve  the  performance  of  the  cesium 
sputter  sources.  The  results  of  this  effort  can  be  clearly 
seen  in  figure  2,  which  shows  the  increase  in  peak  beam 
intensity  versus  year.  There  has  been  a  three-fold  increase 
in  the  peak  intensity  available  to  the  booster  in  the  past 
three  years.  The  increase  has  been  mainly  a  result  of 
efforts  to  reduce  the  large  space  charge  forces  experienced 
by  the  ion  beam. 

One  of  the  methods  used  to  reduce  the  space 
charge  forces  was  to  increase  the  energy  of  the  ion  beam. 
Beginning  in  1996  the  original  General  Ionix  860  [3] 
source  was  replaced  by  the  Peabody  Scientific  PSX-120 
[4]  ion  source.  This  allowed  the  ion  source  beam  energy 
to  be  increased  from  25  keV  to  32  keV.  The  highest 
demonstrated  current  was  90.4  pA  of  Au+31  when  injecting 
at  a  beam  energy  of  35  keV.  For  a  pulse  length  of  500 
psec  this  corresponds  to  9xl09  ions  per  pulse,  which  is 
double  the  intensity  specified  in  the  RHIC  Design 
Manual[5]. 

Although  limited  research  has  been  done  at 
higher  injection  energies,  it  appears  possible  to  deliver 
approximately  120  pA  of  Au+31  or  12xl09  ions  per  pulse 
when  using  an  extraction  voltage  of  50  kV.  To  operate 
reliably  at  50  kV  some  minor  modifications  to  the  ion 
source  will  have  to  be  made.  The  effects  of  these 
modifications  on  the  beam  optics  of  the  ion  source  will 
have  to  be  investigated. 

Another  improvement  made  was  the  insertion  of 
an  einzel  immediately  downstream  of  the  ion  source.  First 
tried  in  1997,  this  compensated  for  the  blow  up  of  the  low 
energy  ion  beam  and  allowed  higher  beam  currents  to  be 
transported  to  the  entrance  of  the  tandem. 

There  has  also  been  a  growing  interest  in 
accelerating  uranium  beams  in  RHIC.  Unfortunately 
uranium  does  not  form  an  abundant  negative  ion. 
Therefore  the  effort  has  concentrated  in  finding  a  suitable 
molecule  that  readily  forms  a  negative  ion.  Preliminary 
results  indicate  that  UO-  is  formed  in  sufficient  quantity  to 
provide  usable  beams.  Using  a  uranium  sputter  target  with 
a  hole  drilled  in  the  middle  to  allow  oxygen  to  be  bled 
onto  the  surface  and  a  unique  pulsing  scheme,  a  pulse  with 
a  peak  intensity  of  34  pA  of  UO-  has  been  generated  on 
the  ion  source  test  bench.  Scaling  this  number  to  MP7  and 
using  the  efficiencies  generated  from  the  gold  beam,  this 
should  generate  a  pulse  with  a  peak  intensity  of  25  pA  of 
U+31.  For  a  600  psec  pulse,  that  would  be  3xl09  ions  per 
pulse.  Although  this  intensity  is  much  less  than  the  gold 
beam,  it  should  be  usable  for  RHIC.  Because  the  research 
to  produce  a  uranium  beam  for  RHIC  has  just  begun,  it  is 


hoped  that  further  increases  will  be  possible  by  reducing 
the  space  charge  forces  of  the  beam  and  by  finding  a  more 
abundant  negative  molecule. 
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Figure  2:  Peak  Gold  Intensity  vs  Year 

3  IMPROVEMENTS  IN  STRIPPER  FOILS 

The  thickness  and  lifetime  of  the  carbon  stripper  foils 
have  a  profound  effect  on  the  quality  and  quantity  of  the 
ion  beam  delivered  to  the  booster. 

The  thickness  of  the  foils  at  the  center  terminal 
determines  the  transmission  of  the  beam  through  the 
tandem.  The  thickness  needs  to  be  as  close  to  2  pg/cm2  as 
possible.  To  insure  that  the  foils  are  of  the  proper 
thickness  they  are  tested  using  an  optical  densitometer 
prior  to  being  installed  in  the  accelerator.  A  program  is 
also  under  way  to  test  the  foils  offline  by  looking  at  the 
energy  lose  through  the  carbon  foils  of  a  low  energy  He+ 
beam. 

Once  RHIC  is  operating  with  a  beam  survival  of 
10  hours,  the  lifetime  of  the  terminal  stripper  foils  will 
become  less  of  a  problem,  as  each  foil  will  last  for  several 
days.  However,  during  the  setup  phase,  when  high 
intensity  pulses  will  be  required  every  3  seconds,  the 
stripper  foil  lifetime  will  be  very  important.  To  improve 
the  lifetime,  an  oscillating  foil  holder  containing  300  foils 
has  been  installed  in  the  terminal  of  MP7.  The  dimensions 
of  the  terminal  foils  were  increased  to  2.2  cm  by  1  cm  to 
allow  for  the  1.25  cm  movement  of  the  oscillator.  The 
period  of  the  oscillator  was  approximately  1  minute  when 
it  was  first  used  during  the  1998  heavy  ion  run.  The 
average  oscillating  foil  lifetime  was  approximately  6 
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hours,  compared  to  the  2-hour  lifetime  of  the  stationary  MP6  and  the  interconnecting  line  are  under  construction 
foils.  and  when  completed  will  allow  the  target  room  user 

Although  the  object  foils  have  a  longer  lifetime,  program  to  operate  at  the  same  time  as  RHIC.  The 
an  oscillating  foil  holder  has  also  been  installed  at  this  tandems  have  proved  themselves  to  be  versatile  reliable 
position.  The  object  foil  oscillator  is  not  operated  injectors  for  the  AGS  synchrotrons  and  with  the  number 

continuously  but  rather  is  occasionally  moved  to  a  of  recent  improvements  and  upgrades  they  should  prove  to 

different  spot.  This  has  allowed  object  foils  to  last  in  be  just  as  reliable  for  RHIC. 
excess  of  24  hours. 


4  MP6  UPGRADE  AND  THE  6  REFERENCES 

INTERCONNECTING  LINE 


Presently  the  MP6  tandem  Van  de  Graaff  is  undergoing 
the  same  upgrade  as  was  completed  on  MP7[6]  in  the 
early  1980’s.  One  of  the  major  upgrades  is  to  replace  the 
existing  accelerator  tubes  with  longer  tubes.  Seven  of  the 
present  190  cm  accelerator  tubes  have  been  replaced  with 
223  cm  tubes,  while  the  first  tube  has  been  replaced  with  a 
244  cm  tube  of  which  the  first  40  cm  is  half  gradient.  This 
has  increased  the  active  length  of  the  tandem  by  22%  and 
will  increase  the  maximum  operating  voltage. 

Some  of  the  other  improvements  to  MP6  include 
more  vacuum  pumping  along  the  accelerator  tubes,  the 
addition  of  3  more  pelletron  chains  for  charging,  and 
improved  voltage  dividers  for  the  accelerator  tubes  and 
the  support  column.  These  improvements  will  make  the 
two  machines  almost  identical  and  allow  MP6  to  reach  a 
terminal  voltage  of  14  MV  reliably. 

Once  the  upgrade  is  completed  an  inter-connecting 
line  will  bring  the  ion  beam  from  MP6  to  the  existing 
MP7  beamlines.  The  interconnecting  line  consists  of  four 
25-degree  dipoles  and  one  90-degree  dipole.  The  first  two 
25-degree  dipoles  will  deflect  the  ion  beam  around  MP7. 
If  the  beam  is  required  in  one  of  the  local  target  rooms  the 
90-degree  magnet  will  bend  the  beam  into  the  existing 
image  leg  of  MP7.  However,  if  the  beam  is  being  used  to 
inject  RHIC  then  the  other  two  25-degree  dipoles  will 
deflect  the  beam  into  the  MP7  object  leg  and  into  the 
tandem-to-booster  transfer  line. 

The  inter-connecting  line  will  allow  MP6  beam  to  be 
delivered  to  local  target  rooms  at  the  same  time  that  MP7 
beam  is  being  injected  into  RHIC.  It  will  also  allow  the 
beams  from  MP6  to  be  diverted  to  RHIC  if  needed. 

The  fourth  25-degree  dipole  that  is  shared  by  the 
inter-connecting  line  and  the  MP7  object  leg  is  a  fast 
switching  magnet.  This  will  allow  one  beam  to  be 
delivered  to  RHIC  from  MP7  and  then  3  seconds  later  a 
different  species  to  be  delivered  to  RHIC  from  MP6.  This 
has  uses  for  asymmetric  ion  species  in  RHIC  with  the 
same  rigidity  and  will  also  allow  different  beams  to  be 
delivered  to  the  Booster  Application  Facility. 
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5  CONCLUSIONS 

The  Brookhaven  tandem  Van  de  Graaffs  have  already 
surpassed  the  RHIC  design  specification  and  there  are 
plans  to  increase  the  intensity  further.  The  upgrade  of 
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Abstract 


In  collaboration  with  KEK  two  barrier  cavities,  each  gener¬ 
ating  40  kV  per  turn  have  been  installed  in  the  Brookhaven 
AGS.  Machine  studies  are  described  and  their  implications 
for  high  intensity  operations  are  discussed. 

1  INTRODUCTION 

During  the  1998  high  energy  physics  run  the  rf  system  in 
the  AGS  Booster  ran  with  harmonic  number  h  =  1,  and  the 
AGS  ran  with  h  =  6.  This  allowed  for  six  Booster  trans¬ 
fers  per  AGS  cycle,  even  though  the  machine  circumfer¬ 
ences  are  in  the  ratio  1 :4.  Running  the  Booster  with  h  =  1 
opened  up  the  possibility  of  emittance  conserving  barrier 
bucket  manipulations  using  two  dedicated  barrier  cavities. 
The  controls  were  set  up  to  allow  barrier  cavity  operation 
in  a  “pulse  stealing”  mode  wherein  the  machine  settings 
for  the  production  cycle  were  changed  to  those  appropriate 
for  barrier  operations  for  a  few  machine  cycles  and  then 
switched  back  to  the  production  cycle  settings.  This  al¬ 
lowed  for  machine  studies  and  hardware  development  over 
the  entire  run. 

The  principles  of  barrier  cavity  operation  have  been  de¬ 
scribed  elsewhere[  1, 2, 3],  This  paper  focuses  on  hardware 
configurations  and  conclusions. 

2  EXPERIMENTAL  SETUP 

The  cavity  and  amplifier  parameters  are  summarized  in  Ta¬ 
ble  1 .  As  is  clear  from  the  table  the  two  devices  are  quite 
different.  The  large  R/Q  of  the  cavity  supplied  by  KEK 
allows  the  use  of  a  small  amplifier  but  requires  beam  load¬ 
ing  compensation  at  moderate  beam  currents.  The  feed¬ 
forward  system  is  broad  band  with  a  full  turn  of  delay [4], 
The  voltage  waveforms  without  beam,  corrected  for  un¬ 
compensated  capacitive  dividers,  are  shown  in  Figure  1. 
Dynamical  implications  are  considered  next. 

Let  T0  and  Eq  be  the  revolution  period,  and  synchronous 
energy,  respectively.  Denote  the  arrival  time  of  a  proton 
as  nTo  Iron  the  nth  turn  and  let  S  =  E  —  Eo  be  its 
relative  energy  deviation.  The  proton  equations  of  motion 
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Table  1 :  Cavity  parameters 


Parameter 

BNL  cavity 

KEK  cavity 

core  material 

ferrite 

Finemet1 

gaps  per  cavity 

4 

4 

/res 

2.6MHz 

1.1MHz 

R/Q  per  gap 

180Q 

1500Q 

Q 

30 

0.6 

coupling 

single  ended 

push-pull 

amplifier  rating 

600kW 

30kW  each 

beam  loading  correction 

none 

feed-forward 

Figure  1 :  Gap  voltage  without  beam  over  one  AGS  revolu¬ 
tion  period. 

are  derivable  from  the  Hamiltonian 

r 

H{T’S)  =  WE~o~qf°  /  nt')dt''  (1) 

o 

where  i]  is  the  frequency  slip  factor,  /?  =  v/c,  q  is  the 
proton  charge,  and  /o  is  the  revolution  frequency.  The 
equations  of  motion  are  dr/dt  —  dH/d6  and  dS/dt  = 
—dH/dr.  The  integral  of  the  voltage  waveform  is  pro¬ 
portional  to  the  longitudinal  potential  well  and  the  familiar 
pictures  of  introductory  mechanics  are  applicable. 

The  voltage  integrals  without  beam  are  shown  in  Figure 
2.  Protons  are  repelled  from  high  potential  regions  and  un¬ 
dergo  stable  oscillations  in  low  potential  regions.  Measure¬ 
ments  were  made  using  low  intensity  small  emittance  in¬ 
jected  bunches  to  map  out  the  potential  wells.  It  was  found 
that  potential  in  the  off-pulse  region  of  the  BNL  cavity  is 
flatter  than  show  in  the  figure,  which  is  consistent  with  the 
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Figure  2:  Integral  of  gap  voltage  without  beam. 


measured  gap  current  for  this  cavity.  The  local  minima  in 
the  KEK  integral  appear  to  be  real. 


Figure  3:  Gap  voltage  with  beam  and  beam  current.  The 
feedforward  on  the  KEK  cavity  is  optimized. 

Figure  3  shows  the  voltage  waveforms  of  the  BNL  and 
KEK  cavities  along  with  the  beam  current.  The  oscillation 
in  the  BNL  waveform  is  at  the  cavity  resonant  frequency 
with  a  decay  rate  consistent  with  the  measured  Q.  The 
bunch  contained  8.5  x  1012  protons;  about  the  number  re¬ 
quired  for  the  barrier  cavity  rf  system  to  compete  with  the 
traditional  rf  system.  Figure  4  shows  the  voltage  integrals 
with  beam. 

3  MULTIPLE  TRANSFERS 

Controls  for  the  barrier  bucket  system  allowed  multiple 
transfers,  time  dependent  adjustment  of  the  relative  phase 
of  the  barriers,  and  amplitude  modulation  of  the  KEK 
waveform.  Figure  5  shows  a  mountain  range  plot  of  cav¬ 
ity  voltage  used  to  accumulate  five  (5)  Booster  transfers. 
The  BNL  cavity  was  pulsed  at  the  revolution  frequency. 
The  KEK  cavity  had  a  programmed  delay  and  its  ampli¬ 
tude  was  modulated  to  minimize  emittance  growth  during 
coalescence.  The  first  (bottom  most)  trace  was  taken  about 
100  ms  after  the  first  Booster  transfer.  There  was  150  ms 
between  transfers.  Figure  6  shows  the  beam  current  for 
the  same  cycle  as  Figure  5.  The  ripples  evident  during  de- 
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Figure  4:  Integral  of  gap  voltage  with  beam. 
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Figure  5:  Mountain  range  plot  of  gap  voltage  for  five  trans¬ 
fers 


bunching  of  the  first  transfer  are  due  to  the  ripples  in  the 
BNL  waveform,  while  the  tendency  for  the  beam  to  bunch 
toward  later  times  is  due  to  the  asymmetry  in  the  KEK 
waveform.  After  five  transfers  were  accumulated  the  beam 
was  rebunched  slowly  on  h  =  6.  The  final  emittance  was 
6x6.7  =  40eV-s,  2.8  times  larger  than  the  5x2. 9  =  14eV-s 
emittance  of  the  Booster  beam.  Simulations  predict  <10% 
emittance  growth  due  to  rebunching  and  pseudo-Schottky 
scans  were  done  to  verify  that  the  emittance  was  large  be¬ 
fore  rebunching.  Significant  transition  losses  ~  20%  oc¬ 
curred  when  the  beam  was  accelerated[4]. 
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Figure  6:  Mountain  range  plot  of  beam  current  for  five 
transfers.  A  total  of  3  x  1013  protons  were  accumulated. 


4  CONCLUSIONS 

The  successful  operation  of  a  barrier  bucket  rf  system  ap¬ 
pears  to  have  several  requirements.  The  barrier  voltage 
pulses  must  closely  approximate  single  periods  of  isolated 
sine  waves.  Overshoot  and  ripple  will  keep  the  beam  from 
debunching  or  cause  significant  emittance  growth  during 
the  process.  The  integral  of  the  voltage  as  in  Figures  2  and 
4  may  be  more  useful  than  the  voltage  itself.  A  well  com¬ 
pensated  voltage  divider  at  the  cavity  is  helpful. 

Another  key  feature  is  the  ability  to  modulate  the  ampli¬ 
tude  of  the  barrier  voltage.  Rapidly  turning  off  the  wave¬ 
form  results  in  an  emittance  growth  equal  to  the  product  of 
the  width  of  the  barrier  and  the  energy  spread  of  the  stored 
beam. 

For  emittance  conservation  the  barriers  must  form  a 
matched  bucket  for  the  injected  beam.  This  places  con¬ 
straints  on  the  voltage  and  frequency  that  can  be  more  se¬ 
vere  than  the  momentum  spread  requirements  of  the  de- 
bunched  beam.  Conversely,  narrow  barriers  can  place  un¬ 
acceptable  constraints  on  the  injection  kicker  magnet  pulse, 
which  was  800  ns  in  our  case. 

At  moderate  to  high  intensity  the  effects  of  beam  loading 
become  severe.  For  a  low  Q  cavity  a  feedforward  system  is 
probably  adequate  but  for  high  Q  it  is  likely  that  some  sort 
of  feedback  will  be  required.  Since  the  barrier  voltage  is 
broad  band  there  is  no  analogy  to  detuning  in  a  harmonic  rf 
system.  To  cancel  the  beam  induced  voltage  the  power  am¬ 
plifier  must  be  able  to  deliver  the  full  beam  current  per  ac¬ 


celerating  gap.  Let  SI  =  lb  —  If  be  the  difference  between 
the  beam  current  and  feedback/feedforward  current.  In  a 
linear  system  61(d)  =  T(w)/t,(w)  where  T  is  the  trans¬ 
fer  function  for  voltage  correction.  For  an  RLC  resonator 
with  steady  state  beam  loading  the  mean  square  error  in  the 
integral  of  the  voltage  is  given  by 

'  R  \T(nD0)Ib(nD0)\2 


<SU  >  yQw0  J  ^  (n/Q)2  +  (riz/h  -  h) 


(2) 


where  h  =  wr/w0  is  the  generalized  harmonic  number. 
The  peak  drive  current  needed  to  create  a  barrier  voltage 
V  is  given  by [2,  3]  Ip  =  V(Q  +  1)/R  which,  for  fixed  Ip 
and  V,  implies  R/Q  =  1/(1  +  1  /Q)/Ip. 


Figure  7:  Sum  in  eq(2)  with  TnIn  —  1  initially  and  then 
removing  the  largest  0,1,2,  and  4  elements.  The  harmonic 
number  was  h  =  7.5. 

For  perfect  correction  Tn  =  0  while  Tn  =  1  for  uncor¬ 
rected  lines.  To  illustrate  the  interplay  of  Q  with  feedback 
the  elements  of  the  sum  in  equation  (2)  were  calculated 
with  TnIn  =  1,  and  the  value  of  R/Q  was  chosen  so  that 
the  voltage  and  peak  drive  current  were  constant.  The  sum 
using  all  the  elements  was  calculated  as  were  sums  with 
the  largest  1 ,2,  or  4  elements  set  to  zero.  Figure  7  shows 
the  modified  sums  versus  Q  for  the  four  conditions.  The 
optimal  value  of  Q  increases  with  the  number  of  lines  cor¬ 
rected. 
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Abstract 

Over  the  last  few  years  the  CERN  PS  Complex 
has  been  upgraded  to  fulfill  the  requirements  of  two 
major  projects  :  (i)  -  producing  and  transferring  lead  ions 
to  the  SPS  for  high  energy  physics  experiments  and  (ii) 
raising  the  PSB  to  PS  transfer  energy  from  1  to  1.4  GeV 
to  generate  the  high  brightness  beam  for  the  LHC.  To 
cope  with  the  tight  demands  imposed  by  these  upgrades, 
ten  magnetic  septa,  operating  under  vacuum  in  the  PSB 
and  the  PS  have  been  redesigned  and  progressively 
replaced.  The  new  devices  are  bakeable,  better  suited  to 
high  vacuum  operation  and  with  higher  performance. 
This  paper  reports  the  main  characteristics  and 
technological  advantages  of  these  magnets  together  with 
their  present  performance. 

1  INTRODUCTION 

Up  to  1994  the  yokes  of  the  septa  ejection  magnets  in  the 
Proton  Synchrotron  ring  were  built  of  packets  of 
laminations  glued  together  with  'Araldite'.  For  reasons  of 
life-time,  lead  ions  require  a  better  vacuum  than  could  be 
achieved  using  the  existing  organic  materials  under 
vacuum.  In  the  Booster,  DC  septa  magnets,  that  were 
originally  designed  for  800  MeV  beams,  have  been  used 
for  1  GeV  beams,  since  1986,  without  modification. 
Because  of  the  beam  emittance  requirements  of  the  future 
LHC  accelerator,  the  booster  energy  needs  to  be 
increased  to  1.4  GeV  as  from  1999.  The  thermal  limit  of 
the  DC  magnets  implied  redesigning  all  Booster  ejection 
and  transfer  septa.  For  reconstruction  of  these  septa 
magnets,  a  single  turn  pulsed  magnet  approach  has  been 
adopted,  which  requires  less  energy  hence  less  cooling 
power  and  therefore  is  less  prone  to  erosion  in  the  cooling 
circuits.  To  attain  the  required  vacuum,  the  laminated 
yoke  of  these  pulsed  magnets  must  first  be  baked  at  200 
°C,  despite  the  fact  that  these  magnets  are  installed  in 
non-bakeable  accelerators.  The  connecting  flanges  of  the 
magnet  tanks  should  not  exceed  50  °C  when  the  magnets 
are  being  baked. 

2  CONSTRUCTION  DETAILS 

To  reach  the  objectives  stated  in  the  introduction,  the 
entire  conception  of  the  magnets  has  been  revised.  In  the 
following  paragraphs,  the  most  outstanding  details  will  be 
described  per  component. 


2.1  Vacuum  Tanks 

To  reduce  the  risk  of  a  leak  developing  during  a  bake  out, 
cylindrical  tanks  have  been  fitted  with  circular  UHV 
flanges  for  diameters  <200  mm  and  ’Wheeler’  flanges 
with  copper  seals  for  the  bigger  diameters  (>375  mm). 
The  connecting  flanges  of  the  tanks  to  the  accelerator 
vacuum  chamber  are  of  a  conical  ‘quick  disconnect’  type 
with  aluminium  seals,  as  standard  in  the  CERN  PS 
accelerators. 


Figure  1 :  Vacuum  Tank  containing  2  ejection  magnets 


2.2  Magnet  yoke 

The  new  septa  magnets,  being  of  a  pulsed  type,  are 
constructed  with  laminated  yokes.  Standard  0.35  mm 
thickness  steel  laminations  with  a  3%  silicon  content  have 
been  used,  which  are  insulated  on  both  sides  with  a 
‘Carlite’  inorganic  insulating  coating.  This  solution 
provides  a  good  inter-laminar  resistance,  and  is  still 
bakeable  up  to  200  °C.  The  laminated  yoke  is  held 
together  in  a  stainless  steel  support  by  ceramic  coated 
endplates,  while  sitting  on  ceramic  bars,  to  ensure  the 
electrical  insulation  between  the  yoke  and  the  support. 

2.3  Coil 

The  single-turn  coils  have  been  made  of  ‘OFHC’  copper. 
The  cooling  circuit  comprises  two  thin-walled  stainless 
steel  tubes  embedded  (and  brazed)  in  pre-machined  slots 
in  the  septum  conductor.  This  reduces  erosion  of  the 
cooling  circuit  due  to  the  high  water  speeds  of  up  to  10 
m/s.  To  increase  the  mechanical  strength  of  the  60  mm 
gap  septa  conductors,  a  0.5  mm  thick  stainless  steel  plate 
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is  brazed  onto  the  outside  of  the  septum  conductor.  To 
reduce  the  fringe  field  of  the  magnets,  insulation  has  been 
eliminated  between  magnet  yoke  and  septum  conductor, 
while  the  return  conductor  of  the  coil  is  insulated  with 
several  layers  of  0.06  mm  and  0.12  mm  thermally  pre¬ 
formed  ‘Kapton’  sheet,  (see  fig.  2) 


Construction  and  Brazing 
,5  mm  detail  septum  conductor 


Figure  2:  Cross  section  of  septum  conductor 
2.4  Coil  Springs 

The  complete  magnet  coil  is  held  in  the  gap  by  clamping 
plates  located  outside  of  the  magnet  yoke.  These 
insulated  clamps  retain  the  septum  conductor  in  the  gap, 
while  a  spring  between  the  septum  and  rear  conductor 
applies  a  mechanical  force  on  the  return  conductor  equal 
to  the  electromechanical  force  at  the  peak  current. 


Figure  3:  Cross  section  of  magnet  yoke  assembly 
[  1.  Damping  Spring  2.  Clamping  Plate  3.  Ceramic  Support  4.  Septum 
Conductor  5.  Cooling  Tube  6.  Rear  Conductor  7.  Lamination  8.  Lever 
9.  Stainless  Steel  Support  ] 

The  springs,  spaced  every  45  mm,  are  made  of  beryllium 
copper  (5%  Be)  suitably  annealed  to  obtain  the  necessary 
modulus  of  elasticity,  (see  fig.  3) 


2.5  Power  Feedthrough 

A  water-cooled  coaxial  feedthrough,  developed  for  use  at 
10  kA^,  is  used  for  all  new  pulsed  septa  magnets.  The 
coaxial  configuration  provides  the  best  possible 
symmetry  in  mechanical  forces,  (see  fig.  4) 


Figure  4:  Cross  section  of  power  feedthrough 
[  1.  Dilver  /  Stainless  steel  weld  2.  Ceramic  support  3.  External 
conductor  4.  Main  connection  5.  Central  conductor  6.  Main 
connection  7.  Vacuum  bellows  ] 

2.6  Displacement  system 

All  septa  magnets  can  be  moved  remotely  in  the  radial  (or 
vertical,  in  the  case  of  the  septa  in  the  transfer  line)  and 
angular  directions,  while  their  vacuum  tanks  remain 
fixed.  A  variable  potentiometer,  linked  to  the  mechanical 
displacement  system,  provides  a  measurement  of  the 
position  of  the  magnet  inside  the  tank.  The  resolution  of 
the  radial  and  angular  systems  are  0.1  mm  and  0.1  mrad, 
respectively.  For  the  initial  installation,  the  magnet  tank  is 
aligned  in  all  directions.  In  the  event  of  a  failure,  the 
entire  vacuum  tank  with  septum  magnet  can  be  replaced 
without  the  need  for  realignment. 

2. 7  Beam  Screen 

All  septa  magnet  tanks  (except  transfer  lines)  are 
equipped  with  RF  beam  screens  for  the  orbiting  beam. 
These  screens  insure  the  continuity  of  the  RF  impedance 
of  the  vacuum  tanks,  to  avoid  unwanted  harmonics  during 
acceleration.  The  beam  screens  are  made  of  perforated 
stainless  steel  sheet  to  improve  vacuum  pumping  speed, 
and  are  linked  with  the  connecting  flanges  of  the  tank  by 
means  of  RF  contacts. 

2.8  Vacuum  Equipment 

The  vacuum  tanks  are  kept  under  vacuum  with  a 
dedicated  set  of  ion  pumps,  additional  pumping  being 
provided  by  titanium  sublimators  for  the  tanks  installed  in 
the  accelerator  rings.  In  view  of  the  large  surface  of  the 
magnet  laminations  under  vacuum,  and  the  pressure  level 
to  be  obtained,  it  is  necessary  to  bake  out  the  magnets 
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before  commissioning.  Standard  off-the-shelf  infra  red 
lamps  are  used  inside  the  vacuum  tank,  with  reflectors  of 
electro-polished  stainless  steel.  By  connecting  two  in 
series,  the  power  consumption  is  reduced  by  a  factor  four, 
while  their  expected  life  time  is  dramatically  increased. 
The  temperature  of  the  magnet  is  measured  with  ordinary 
Cu/Cn  (Cn-Constantan)  thermocouples,  and  the  control 
and  regulation  utilises  standard  temperature  regulators. 

2.9  Calculations 

For  the  first  rough  estimation  of  the  septum  magnet 
parameters,  a  program  was  used  running  under  Microsoft 
Excel  developed  in  the  CERN/PS/SEPTA  section.  To 
finalise  the  cross  sectional  design  of  the  magnet  a  finite 
element  based  program  called  ‘FLUX2D’  from 
Cedrat/Magsoft  was  used.  The  longitudinal  design  was 
determined  using  the  finite  element  based  program 
‘OPERA3D/TOSCA’  from  Vector  Fields,  using  a  model 
developed  in  house  to  simplify  the  magnet  model  without 
great  loss  of  precision.  For  mechanical  and  thermal 
calculations  the  finite  element  program  ANSYS  from 
Swanson  Analysis  Systems  was  used,  while  the  cooling 
requirements  were  checked  with  the  CERN  developed 
program  TUBE,  running  under  Microsoft  Excel. 

3  TECHNICAL  SPECIFICATIONS 

The  technical  specifications  of  all  septa  magnets  are 
shown  in  Table  1. 

Table  1:  Technical  specifi 


4  RESULTS 

Measurements  of  magnetic  length  of  the  septa  confirm 
theoretical  predictions  to  within  0.5%  of  the  model.  The 
fringe  fields  measured  are  less  than  1/1000  of  the  gap 
field  at  a  50mm  distance  from  the  septum  conductor,  or 
better  in  case  of  the  BESMH,  (PSB  Ejection)  where  a 
very  low  fringe  field  was  required.  After  a  bake  out  cycle, 
consisting  of  a  quasi  linear  temperature  increase  of  200 
°C  over  12  hours,  a  24  hour  period  at  200  °C,  and  an 
exponential  temperature  decrease  of  approximately  48 
hours,  a  vacuum  of  6xlO'10  to  4xl0'9  mbar  is  achieved. 
Since  the  bake  out  lamps  are  installed  with  reflectors,  the 
connecting  flanges  of  the  vacuum  tanks  never  exceed  50 
°C,  allowing  the  use  of  aluminium  seals  for  connecting  to 
the  accelerator  vacuum  chambers. 

5  CONCLUSIONS 

The  new  set  of  septa  magnets  constructed  as  described  in 
this  article  shows  that  it  is  possible  to  achieve  a  vacuum 
in  the  low  10'9  mbar  range,  even  with  laminated  yokes 
under  vacuum.  In  order  to  reach  the  low  pressures 
specified,  it  is  imperative  to  perform  a  pre-commissioning 
bakeout  at  200  °C.  The  bakeout  is  performed  using 
commercially  available  infra  red  lamps  using  less  than 
nominal  power  avoiding  excessive  temperatures  on  the 
vacuum  chamber  connecting  flanges. 

The  septa  magnets  for  Booster  ejection,  beam  transfer, 
and  PS  injection  allow  for  1.4  GeV  operation  without 
reaching  thermal  limits,  since  they  are  constructed  as 
pulsed  laminated  magnets, 
tions  of  the  septa  magnets 


BESMH 

BTSMV10 

BTSMV20 

PISMH42 

PESMH16 

PESMH58 

(m) 

0.95 

1.00 

1.00 

0.57 

2.18 

0.81 

Bn(T) 

0.354 

0.569 

0.525 

0.689 

1.20 

1.06 

jB.dl  (T.m) 

0.336 

0.566 

0.523 

0.390 

2.60 

0.860 

I  (kA)  single  turn  coil 

7.0 

27.3 

25.2 

33.1 

28.5 

21.1 

E  (GeV)  protons 

1.4 

1.4 

1.4 

1.4 

25.1 

12 

Deflection  Angle  (mrad) 

47 

79 

73 

55 

30 

20 

Gap  height  (mm) 

25 

60 

60 

60 

30 

25 

Gap  width  (mm) 

89 

116 

116 

116 

65 

65 

Septum  Thickness  (mm) 

3.8 

5 

5 

5 

3 

3 

Rear  conductor  thick  (mm) 

7.6 

8.8 

8.8 

8.8 

6.0 

6.0 

1/2  sine  pulse  width  (ms) 

3.1 

3.1 

3.1 

3.2 

3.5 

2.8 

Water  flow  (1/min.) 

1.9 

3.5 

3.5 

4.25 

1.2 

1.45 

Year  of  installation 

1998 

1999 

1997 

1996 

1994 

1994 
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Abstract 

The  transverse  motion  of  the  beam  at  the  AGS  was  studied 
by  analyzing  the  coherent  beam  signals,  digitized  at  a  10ns 
interval,  at  various  beam  intensities.  It  was  found  that  the 
coherent  vertical  tune  shift  of  the  centroid  is  consistent  with 
the  space  charge  model  due  to  the  image  charge  and  current 
induced  on  the  vacuum  chamber  wall.  An  enhanced  linear 
coupling  at  a  high  intensity  was  also  observed. 

1  INTRODUCTION 

The  space  charge  effect  is  important  for  low  and  medium 
energy  synchrotrons.  The  space  charge  force  in  high 
brightness  beams  can  cause  beam  halo,  beam  envelope 
instability,  beam  emittance  blow-up,  collective  beam  in¬ 
stabilities,  and  more  importantly  beam  loss.  The  space 
charge  effect  manifests  itself  in  betatron  and  synchrotron 
tune  shift,  tune  spreads,  collective  beam  instability,  etc. 

The  aim  of  this  paper  is  to  study  the  effect  on  betatron 
motion  due  to  the  space  charge  force.  An  initial  excita¬ 
tion  was  given  to  the  beam  and  then  the  sum  and  differ¬ 
ence  signals  were  measured  (digitized)  at  different  beam 
intensities  below  the  threshold  for  instability.  The  coher¬ 
ent  betatron  motion  was  used  to  derive  the  betatron  tune  at 
different  intensities.  The  coherent  vertical  tune  shift  of  the 
centroid  can  then  be  obtained.  The  experimental  data  can 
be  described  by  a  model  in  which  the  beam  induces  im¬ 
age  charge  and  current  on  the  vacuum  chamber  wall  whose 
electromagnetic  field  acts  back  on  the  beam. 

The  paper  is  organized  as  follows.  In  Sec.  2,  we  will  dis¬ 
cuss  the  experimental  method  which  includes  the  excitation 
and  measurement  of  the  beam  response  and  the  observation 
of  a  few  beam  properties  as  a  function  of  the  beam  inten¬ 
sity.  In  Sec.  3,  we  will  give  the  details  of  data  analysis, 
including  a  method  to  reduce  the  impact  of  longitudinal 
motion  on  the  analysis  of  transverse  motion.  Finally,  the 
conclusion  will  be  given  in  Sec.  4. 

2  EXPERIMENTAL  METHOD 

The  AGS  is  a  medium  energy  synchrotron  with  a  circum¬ 
ference  807.12  m.  The  horizontal  and  vertical  betatron 
tunes  are  about  8.8  and  8.9  respectively.  It  can  be  consid¬ 
ered  as  a  machine  with  60  FODO  cells  and  1 2  superperiods. 
The  injector  for  the  AGS  is  the  AGS  booster  whose  circum¬ 
ference  is  1/4  of  the  AGS  ring.  The  single  bunch  beam 
intensity  from  the  booster  ranges  from  1  to  20  (xlO12) 
protons.  This  experiment  involves  a  single  bunch  injected 
from  the  AGS  booster  at  1.9  GeV  kinetic  energy. 

To  study  the  injection  process  with  the  space  charge  ef¬ 
fect,  we  observe  the  betatron  motion  at  the  injection  time. 


Because  of  the  intentional  or  unintentional  offset  between 
the  injection  orbit  and  the  AGS  closed  orbit,  betatron  mo¬ 
tion  is  induced.  In  other  words,  the  excitation  of  the  beam 
response  is  given  in  the  form  of  an  initial  coherent  trans¬ 
verse  displacement.  The  sum  and  difference  signals  from 
a  beam  position  monitor  (BPM)  was  digitized  at  10ns  per 
channel.  We  recorded  50002  channels  in  each  injection 
process.  This  corresponds  to  175  turns  with  a  revolution 
period  To  =  2848ns.  The  experiment  was  carried  out  for 
the  beam  intensities  iVe  =  2.7,3.9,4,5.7,6.5,13(xl012) 
particles  per  bunch. 

Fig.  1  shows  a  typical  example  of  the  sum  signal  for  a 
beam  intensity  of  1.3  x  1013  particles.  Since  the  signals 
were  digitized  at  10ns,  the  longitudinal  profile  has  a  reso¬ 
lution  of  10ns  and  the  total  beam  intensity  can  be  obtained 
by  integrating  the  sum  signal.  Since  175  turns  corresponds 
to  about  1/4  of  the  synchrotron  period,  the  beam  bunch  is 
evidently  more  tightly  bunched  at  the  end  of  the  data. 


channel 


Figure  1 :  Evolution  of  the  sum  signal  for  Nb  =  1.3  x  1013. 
Note  that  bunch  length  decreases. 

Fig.  2  (middle, bottom)  shows  that  the  peak  intensity  of 
the  sum  signal  and  the  integrated  sum  signal  appear  to  be 
a  linear  function  of  the  beam  intensity  derived  from  a  cur¬ 
rent  transformer.  This  means  that  the  beam  intensity  has 
not  yet  saturated  so  that  the  peak  intensity  still  depends  on 
the  beam  current.  In  other  words,  all  the  beam  intensities 
for  the  experiment  are  below  the  threshold  for  instability. 
Therefore  our  study  of  the  space  charge  effect  is  justified. 

3  DATA  ANALYSIS 

The  data  processing  steps  consist  of  background  removal, 
signal  normalization  and  tune  shift  computation.  For  the 
first  step,  the  noise  is  assumed  to  follow  a  Gaussian  distri- 
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Figure  2:  Beam  properties  at  different  intensities.  The  ver¬ 
tical  width  shows  the  fact  that  the  beam  properties  vary 
with  time.  Horizontal  axis  shows  intensity  1Vb(1012)  mea¬ 
sured  by  a  current  transformer.  The  top  plot  shows  the  rms 
bunch  length  in  ns,  the  middle  plot  shows  the  peak  of  the 
sum  signal  (in  arbitrary  unit),  and  the  bottom  plot  shows 
the  integrated  sum  signal  (in  arbitrary  unit). 

bution  characterized  by  a  and  most  of  it  could  be  removed 
by  a  cut  at  ±3 a.  Let  S  and  A  be  the  sum  and  difference 
signals  respectively.  The  normalized  beam  position  signal 
is  yn  =  A/S.  The  actual  beam  position  is  given  by  40 yn 
mm,  where  the  normalization  factor  40  mm  is  the  effective 
width  of  the  BPM. 

In  order  to  study  the  transverse  motion,  we  have  to  know 
the  evolution  of  the  transverse  positions  x  and  z.  If  the 
bunch  length  were  independent  of  time,  then  we  can  follow 
the  transverse  motion  of  each  channel  turn  by  turn  with¬ 
out  ambiguity.  However,  Fig.  2  (top)  shows  that  the  bunch 
length  changes  with  time  and  therefore  following  the  chan¬ 
nels  directly  can  be  ambiguous.  One  way  of  following  the 
channels  turn  by  turn  is  to  identify  the  channels  which  are 
To  apart  and  use  linear  interpolation  to  estimate  the  signal 
between  the  digitized  data.  This  method  has  two  difficul¬ 
ties.  Firstly,  not  all  particles  in  the  bunch  have  the  nominal 
revolution  period  To  due  to  the  momentum  spread  A p/p. 
The  change  in  period  ATo  is  given  by  [1,  2] 

^  =  <» 
To  p 

where  r]  =  1/jt2  -  I/72  is  the  phase  slip  factor.  Secondly, 
the  synchrotron  oscillation  will  affect  To.  A  much  better 
way  to  follow  the  transverse  motion  is  to  focus  on  the  cen¬ 
troid.  The  centroid  is  the  channel  which  always  divides 
the  beam  longitudinally  into  two  portions  with  the  same 
number  of  particles.  This  method  does  not  require  constant 
bunch  length  and  it  does  not  rely  on  the  nominal  revolution 
period  T0  at  all.  An  additional  advantage  of  this  method  is 
that  it  completely  eliminates  the  effect  of  the  rigid  longitu¬ 


dinal  motion  on  the  analysis  of  the  transverse  motion.  This 
method  can  readily  be  generalized  to  include  other  chan¬ 
nels.  For  example,  we  can  select  three  channels  in  such  a 
way  that  they  always  divide  the  beam  longitudinally  into 
four  portions  which  contain  the  same  number  of  particles. 
These  channels  represent  the  transverse  motion  of  the  head, 
the  centroid  and  the  tail  of  the  beam.  In  general,  we  can  la¬ 
bel  each  channel  by  the  fraction  of  the  particles  located  in 
front  of  the  channel.  This  labeling  scheme  combined  with 
a  linear  interpolation  between  digitized  data  allows  us  to 
locate  any  channel  longitudinally  without  ambiguity.  For 
the  above  example,  those  three  channels  will  be  labeled  as 
25%,  50%  and  75%  respectively.  The  transverse  motion  for 
the  above  three  channels  is  shown  in  Fig.  3. 


x(mm)  vs  turn  z(mm)  vs  turn 


Figure  3:  Betatron  oscillations  for  Nb  =  13  x  1013.  Left: 
horizontal  motion.  Right:  vertical  motion.  Bottom  to  top: 
the  head,  the  centroid  and  the  tail  of  the  beam. 

Fig.  3  (left:  top, bottom)  shows  that  the  horizontal  mo¬ 
tions  of  the  channels  25%  and  75%  have  opposite  trends 
after  the  first  50  turns.  This  is  related  to  a  decrease  in  the 
bunch  length  which  can  be  seen  in  Fig.  1  due  essentially 
to  a  mismatched  synchrotron  phase  space  during  the  injec¬ 
tion.  The  tune  shift  due  to  the  coupling  of  transverse  mo¬ 
tion  can  also  be  seen.  For  the  last  step,  we  took  the  Fourier 
transform  of  the  motion  and  look  at  the  spectrum  in  Fig.  4. 

The  small  peaks  are  due  to  the  coupling  of  transverse 
motion  while  the  large  peak  is  the  fractional  part  of  the 
tune  at  a  fixed  intensity.  Finally,  the  same  analysis  could 
be  done  for  different  beam  intensities  and  the  vertical  tune 
of  the  centroid  as  a  function  of  beam  intensity  is  shown  in 
Fig.  5. 

The  coherent  tune  shift  is  a  result  of  the  increase  in  in¬ 
tensity  and  it  is  given  by  [1,  2] 

A  vz=j  eZ±  I  (2) 

A-KUmyi/zU)11 

where  Z\_  is  the  transverse  impedance,  e  is  the  proton 
charge,  I  =  Nse/(y/2K(Tt)  is  the  peak  current,  at  is  the 
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Figure  4:  Amplitude  of  the  Fourier  transform  of  Fig.  3  ver¬ 
sus  fractional  part  of  the  tune.  Left:  horizontal.  Right: 
vertical.  Bottom  to  top:  the  head,  the  centroid  and  the  tail 
of  the  beam.  Nb  =  1.3  x  1013. 


Figure  5:  vz  versus  Nb-  Note  the  detuning  due  to  the  in¬ 
crease  in  the  total  number  of  proton  Nb  in  a  bunch.  Circle: 
data  for  the  vertical  tune  of  the  centroid(50%)  as  a  func¬ 
tion  of  the  beam  intensity.  Line:  a  fit  by  Eq.  2.  Value  of 
the  slope  —2.739  x  10~15  can  be  used  to  find  the  effective 
beam  pipe  radius  b. 


therefore  it  can  be  neglected.  Using  the  slope  of  Fig.  5 
and  Eq.  2,  b  can  be  estimated  and  it  is  found  to  be  about 
3.4cm.  The  actual  shape  of  the  beam  pipe  varies.  However, 
most  of  it  is  nearly  elliptical  with  vertical  half  aperture  of 
3.89cm  and  horizontal  half  aperture  of  8.66cm.  Therefore, 
b  has  the  same  order  of  magnitude  of  a  few  centimeters  as 
the  actual  beam  pipe  dimensions.  Since  the  cross  section  of 
the  actual  beam  pipe  is  not  circular,  b  should  be  regarded 
as  an  effective  size  of  the  beam  pipe. 

4  CONCLUSION 

The  vertical  betatron  tune  of  the  centroid  decreased  by  0.03 
when  the  intensity  increased  from  2.7  x  1012  to  13  x  1012. 
The  reasonable  value  of  b  obtained  by  applying  the  circu¬ 
lar  beam  pipe  model  indicates  that  the  major  source  that 
caused  the  tune  shift  is  the  induced  charge  and  current  on 
the  beam  pipe.  We  also  observed  enhanced  linear  coupling 
at  high  space  charge  region  (see  the  middle  plots  of  Fig.  3). 
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rms  bunch  length,  R  is  the  mean  radius  of  accelerator,  m 
the  mass  of  proton,  7  =  1/(1  -  /32)1/2,  j2  =  -1,  vz  is  the 
vertical  betatron  tune,  and  u  is  the  revolution  frequency. 
The  most  important  contribution  to  Z±  is  due  to  the  in¬ 
duced  charge  and  current  on  the  beam  pipe  and  it  is  given 
by  [1,3] 

Zx  V/3262  3 

where  Zq  =  /jqc  is  the  impedance  of  free  space,  b  is  the 
beam  pipe  radius.  Since  the  resistive  wall  impedance  (~ 
105n/m)  is  an  order  of  magnitude  smaller  than  Eq.  3  and 
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Abstract 

Started  at  the  beginning  of  the  80th,  the  spin  physics 
programme  at  the  JINR  Synchrophasotron  is  being 
continued  succesfully.  The  next  step  of  this  programme  is 
to  accelerate  of  polarized  beams  at  the  Nuclotron.  The 
first  test  run  of  polarized  deuteron  injection  and 
acceleration  has  been  carried  out.  The  status  and 
development  of  the  polarized  deuteron  source,  analysis  of 
the  depolarized  effects  in  the  linac,  Nuclotron  ring  and 
beam  injection/extraction  transport  lines  are  presented. 
Computer  simulation  of  charge  exchange  injection  into 
the  accelerator  is  also  considered. 

1  INTRODUCTION 

Polarized  deuterons  as  the  simplest  nuclei  with  the  well 
known  spin  structure  are  the  best  tool  to  study  the  inner 
nucleon  structure  at  a  distance  of  r  <  0.5  fm,  where  quark- 
gluon  degrees  of  freedom  should  manifest  themselves. 
First  spin  experiments  at  the  JINR  synchrophasotron 
were  carried  out  to  study  inclusive  and  binary  reactions 
with  vector  and  tensor  polarized  deuterons  in  1981.  After 
installing  the  Saclay-ANL  proton  polarized  target  on 
1995,  the  spin  program  was  supplemented  by  correlation 
experiments. 

The  scheme  for  acceleration  of  polarized  deuterons  at 
the  Nuclotron  accelerator  facility  [1]  includes  a  cryogenic 
polarized  deuteron  source  Polaris,  a  5  MeV/u  linac,  a 
superconducting  heavy  ion  synchrotron  of  a  6  GeV/u 
energy  with  10  second  spill  slow  extraction  (under 
construction  now),  thin  internal  targets  and  a  wide  net  of 
external  beam  lines.  This  scheme  also  allows  one  to 
generate  high  energy  polarized  neutron  beams  with  well- 
determined  characteristics. 

Two  principal  problems  of  polarized  particle 
acceleration  are  discussed  in  this  paper.  The  first  of  them 
is  to  keep  spin  orientation  during  beam  acceleration  and 
transportation,  the  second  one  is  to  produce  a  high 
intensity  of  polarized  ions  sufficient  for  data  taking  in 
physics  experiments.. 

2  DEPOLARIZATION  OF  THE  BEAM 

The  spin  vector  of  the  every  particle  and  beam 
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polarization  change  during  deuteron  acceleration  and 
transportation.  Let  us  denote  n  as  a  beam  polarization 
vector  and  S  a  unit  vector,  which  shows  the  particle  spin 
direction,  then 

n  =<  s  >, 

angular  brackets  mean  the  average  value  of  a  particle 
distribution  in  the  beam.  If  the  S  direction  does  not  differ 
much  from  the  one,  determined  by  unit  vector 
n  (S  =  n  +  AS),  the  depolarization  degree  D  is  determined 
by  the  dispersion  of  spin  vector  components  transversal  to 
n: 

D  »  1/2  [<( ASu.)2>  -  <ASn>2]; 

where 

ASlr  =  AS  -  n(ASn) 

The  dynamics  of  unit  polarization  3-vector  during  its 
motion  in  external  electric  and  magnetic  fields  is 
described  by  the  Thomas  quasi-classical  equation: 

dS/dz  =  Q  x  S 

where  the  derivative  dS/dz  goes  with  respect  to  the 
z-coordinate  along  the  equilibrium  particle  trajectory,  £2  is 
the  rotation  vector,  which  modulus  is  the  Larmor 
frequency  determined  by  the  electromagnetic  field 
structure.  The  analytical  and  numerical  computation  of 
this  equation  [2]  allowed  one  to  get  the  following  results 
of  beam  depolarization  in  the  linac,  beam  transport  lines, 
beam  acceleration  and  slow  extraction. 

In  the  injector  of  the  Nuclotron,  a  5  MeV/u  Alvarez 
type  linac,  for  equal  transverse  emmitances  ex  =  ey  =  45tc 
mm  mrad  and  longitudinal  motion  equilibrium  phase 
<p  =  31.5°  the  depolarization  factor  does  not  exceed  0.13%. 
The  value  D  <  0.25%  for  the  same  beam  parameters  in  the 
the  injection  beam  line.  The  injected  beam  is  rotated  in 
the  vertical  plane  at  angle  13°  during  beam  transportation 
from  linac  to  the  Nuclotron.  For  polarization  matching,  it 
is  necessary  to  turn  polarization  vector  through  the  same 
angle  in  the  channel  entrance.  A  13°  rotation  can  be 
realized  by  the  longitudinal  field  in  the  ion  source 
solenoid.  Otherwise,  additional  beam  depolarization,  due 
to  coherent  polarization  rotation  in  the  injection  line, 
appears.  Its  value  D  =  8/2  *  2.5%. 
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It  is  known,  that  difficulties  of  beam  polarization 
keeping  in  the  accelerator  ring  are  due  to  the  crossing  of 
spin  resonances.  Their  perturbation  conditions  are 
determined  by  the  relationship: 

v  =  ke+  kx  Qx  +  ky  Qy , 

where  M  is  the  number  of  spin  precession  per  orbit 
revolution,  ke,  kx,  ky  -  integer  numbers  and  Qx,  Qy  - 
betatron  tunes. 

Table  1  shows  possible  spin  resonances  up  to  second 
order  (/kx/  +  DaJ  <  2)  over  a  beam  energy  range  from 
5  MeV/u  to  6  GeV/u  and  betatron  tunes  Qx  =  6.8, 
Qy  =  6.85.  The  results  of  computer  simulations  of 
resonance  depolarization  at  a  guide  magnetic  field 
velocity  of  dB/dt  =  1  T/sec  are  shown  in  Table  1.  The 
high  lattice  periodicity  (32  cells  and  8  superperiods) 
allowed  to  avoid  an  excitation  of  the  most  dangerous 
lattice  resonances.  The  influences  of  magnetic  field 
imperfections  and  correcting  fields  (normal  and  skew 
dipole,  quadrupole,  sextupole  and  octupole)  are  taken  into 
account.  Among  non-perfection  resonances  in  the 
Nuclotron,  the  most  powerful  one  is  v  =  -1  at  an  energy  of 
5.6  GeV/u.  Its  crossing  is  dangerous  without  taking 
special  measures. 


Table  l.Spin  resonances  at  the  acceleration 


ke 

K 

k 

V 

Wkln, GeV/u 

D,  % 

-7 

0 

1 

-0.15 

0.005 

8 

-7 

i 

0 

-0.20 

0.37 

8 

-14 

0 

2 

-0.30 

1.02 

0.5 

-14 

1 

1 

-0.35 

1.35 

0.5 

-14 

2 

0 

-0.40 

1.68 

0.3 

13 

-2 

0 

-0.60 

2.99 

0.1 

13 

-1 

-1 

-0.65 

3.32 

0.1 

13 

0 

-2 

-0.70 

3.65 

0.1 

6 

-1 

0 

-0.80 

4.30 

0.3 

6 

0 

-1 

-0.85 

4.63 

0.73 

-1 

01 

1 

-0.95 

5.29 

0.06 

-1 

0 

0 

-1.00 

5.62 

40 

The  task  of  beam  polarization  keeping  under  stationary 
conditions  is  appeared,  when  the  spin  and  betatron  tunes 
do  not  change  much  arises  from  a 
10  second  slow  extraction.  The  beam  depolarization 
degree  under  stationary  conditions  depends  on  closeness 
to  spin  resonance.  A  maximum  effect  appears  when  the 
particles  are  in  the  resonance  band.  In  a  real  accelerator,  it 
is  very  difficult  to  realize  these  resonance  conditions 
exactly  because  of  synchrotron  modulation  and  betatron 
tune  spread. 

The  data  on  beam  depolarization  for  a  10  second  spill 
duration  of  slow  extraction  are  presented  in  Table  2. 

The  resonance  v  =  -1  is  dangerous  for  all  the  regimes. 


The  same  situation  occurs  for  experiments  with  an 
internal  target. 


Table  2.  Spin  resonances  at  the  slow  extraction 


ke 

K 

K 

V 

Wkl„,  GeV/u 

D 

-7 

i 

0 

-0.20 

0.37 

16 

-14 

i 

l 

-0.35 

1.35 

0.7 

6 

-l 

0 

-0.80 

4.30 

4 

6 

0 

-1 

-0.85 

4.63 

1.5 

-1 

0 

0 

-1.00 

5.62 

100 

3  CRYOGENIC  ION  SOURCE  POLARIS 

About  20  years  the  Polaris  [3]  has  been  used  to  produce 
polarized  deuterons  at  the  Synchrophasotron.  The  source 
is  based  on  the  Stern-Gerlach  atomic  beam  method  and 
has  the  following  features: 

-  magnetic  fields  are  set  by  superconducting  magnets 
operating  in  a  persistent  current  state, 

-  cooling  the  dissociator,  nozzle  and  skimmer  is  produced 
by  a  thermal  contact  with  the  cryostats, 

-  the  source  is  very  compact  and  requires  power  only  for 
RF  and  control  systems, 

It  is  installed  on  a  700  kV  terminal,  and  information 
exchange  is  performed  by  a  fibre  glass  lines.  Polarized 
deuterons  are  produced  by  exchange  between  polarized 
deuterium  atoms  and  ions  of  hydrogen  plasma 
D°T  +  IT  =  D+T  +  H°  and  ionization  D°t  by  plasma 
electrons.  The  beam  current  at  the  source  entrance  is 
equal  to  200  pA,  the  energy  15  KeV  and  the  emittance 
2.0n;  mmmrad. 

A  magnetic  filter  and  cesium  converter  (FT— ¥  H)  is 
planed  to  install  for  D  t  beam  production  at  the  charge 
exchange  reaction  D°t  +  H  =  D  T  +  H°. 

Polaris  operates  either  in  the  vector  or  tensor 
polarization  modes.  The  polarization  sign  can  change 
pulse  by  pulse.  To  measure  the  beam  polarization  after 
acceleration  in  the  5  MeV/u  linac,  two  types  of  low 
energy  polarimeters  with  semiconductor  detectors  are 
used. 

4  CHARGE-EXCHANGE  INJECTION 

The  intensity  of  polarized  deuterons  at  the 
Synchrophasotron  is  now  equal  to  5  109  particles  per  cycle 
due  to  multiturn  injection.  Without  a  special  procedure, 
the  intensity  at  the  Nuclotron  is  approximately  by  an  order 
lower  because  of  single-turn  injection  into  the  latter.  To 
increase  the  intensity  of  a  polarized  deuteron  beam,  three 
ways  are  considered  at  the  Laboratory  of  High  Energies: 

-  the  formation  of  a  particle  short  pulse  comparable  to  the 
one  revolution  time  in  the  new  POLARIS  ionizer, 

-  charge  exchange  (DT— »dT+)  injection  into  the 
Nuclotron 

-  construction  of  a  booster  used  to  store  and  preaccelerate 
ions  up  to  200  MeV/u  [4], 
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The  last  one  is  most  effective  and  very  useful  for  other 
ions,  but  it  is  the  most  expensive,  of  course.  Below  the 
second  possibility  of  increasing  the  intensity,  the  charge 
exchange  injection  of  polarized  deuterons  into  the 
Nuclotron,  is  studied  by  computer  simulations. 

Injected  beam  parameters: 
deuteron  energy  5  MeV/u, 

emittance:  e,  =  45. On:  mmmrad,  £  =  45  .On:  mmmrad, 
relative  momentum  spread:  Ap/p  =±5.10  . 

To  estimate  the  injection  efficiency,  a  simple  model  of 
particle  passage  through  matter  was  chosen.  It  includes 
elastic  Coulomb  scattering,  ionization  energy  losses  and 
energy  struggling.  We  suppose  to  change  the  charge  of 
every  negative  ion  having  passed  through  the  stripper  to 
the  opposite  one  (DT— yDt*)  for  the  first  passage  only, 
positive  charge  deuterons  do  not  change  their  charge. 

There  are  no  perturbations  and  imperfections  of  the 
magnetic  and  electrical  fields. 

The  following  steps  were  undertaken  using  the 
computer  program  to  simulate  stripping  injection  into  the 
Nuclotron: 

1)  to  generate  an  injected  beam  -  particles  at  transverse 
deviation-angle  (x,x‘),  (y,y‘)  and  relative  momentum 
spread  Ap/p,  Gaussian  distributed, 

2)  to  add  to  the  circulating  beam, 

3)  Monte  Carlo  simulations  of  the  processes  in  foil, 

4)  to  compute  particle  emittances  exy  and  to  remove 
particles  with 

Ex  >  Ax,  Ey  >  Ay  and  Ap/p  >  (Ap/p)  mach , 

Axy  =45rt  mm  mrad  is  the  acceptance  for  particle  with 
Ap/p=  5  10"3. 

Carbon  was  chosen  as  a  stripping  foil  material. 

All  the  calculations  were  carried  out  with  the  specially 
designed  computer  simulation  code  SENSIM  -  Monte 
Carlo  object-oriented  C++  program  for  Windows[5], 

The  growth  of  emittance  and  relative  momentum 
spread  was  simulated  by  100  macroparticle  during 
100-tum  stripping  injection.  The  intensity  gain  (I/I0) 
during  100  turn  stripping  injection  with  the  Nuclotron 
acceptance  restriction  is  shown  in  Figure  below. 

This  work  is  based  on  the  preceding  results  for 
simulations  of  heavy  ion  stripping  injection  into 
synchrotrons  [6],  where,  advantages  to  store  ions  with  a 
small  atom  mass  unit  (up  to  carbon)  by  this  method  were 
shown. 

5  CONCLUSION 

The  analytical  and  numerical  simulations  of  the  deuteron 
depolatization  in  the  Linac,  beam  transport  lines  and 
Nuclotron  showed  the  most  resonanses  not  to  be 
dangerous.  The  exception  is  the  resonanse  v  =  -lat  the 
energy  of  5.62  GeV/u.  Its  crossing  during  acceleration 
time  and  and  slow  extraction  near  this  energy  are 
impossible  without  taking  of  special  measures 

We  consider  the  possibility  to  get  sufficient  quantity  of 
the  polarized  D'  in  improved  Polaris  with  optimism. 


At  the  charge  exchange  injection  of  D  t  into  the 
Nuclotron,  it  is  possible  to  gain  at  least  a  factor  of  more 
than  10  for  augmentation  of  the  polarized  deuteron 
intensity. 


Figure.  The  intensity  gain  (I/I0)  during  100  turn  stripping 
injection  with  the  Nuclotron  acceptance  restriction. 
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ACCELERATION  OF  THE  POLARIZED  PROTON  BEAM  IN  THE 
COOLER  SYNCHROTRON  COSY 
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Abstract 

A  concept  has  been  developed  and  realized  to  accelerate 
vertically  polarized  protons  in  the  COoler  SYnchrotron 
COSY  at  the  Forschungszentrum  Julich  up  to  the  maxi¬ 
mum  momentum  of  3300MeV/c  [1].  In  addition,  different 
Siberian  snake  schemes  for  COSY  have  been  investigated 
to  deliver  a  longitudinally  polarized  beam. 

1  INTRODUCTION 

The  COoler  SYnchrotron  and  storage  ring  COSY  at  the 
Forschungszentrum  Julich  accelerates  protons  to  momenta 
between  600MeV/c  and  3300MeV/c  [2],  At  present  the 
beam  is  used  at  four  internal  and  three  external  target 
places.  In  addition,  a  polarized  beam  can  be  produced 
and  accelerated  at  COSY.  A  colliding  beams  source,  de¬ 
veloped  by  a  collaboration  of  the  universities  of  Bonn,  Er¬ 
langen,  and  Cologne  is  in  operation  [3].  The  polarized  H~ 
beam  delivered  by  this  source  is  pre- accelerated  in  a  cy¬ 
clotron  to  295  MeV/c  and  injected  via  stripping  injection 
into  the  COSY  ring.  The  polarization  of  the  circulating 
proton  beam  in  COSY  is  measured  continuously  during  ac¬ 
celeration  with  the  internal  EDDA  detector  [4], 

2  DEPOLARIZING  RESONANCES 

For  an  ideal  planar  circular  accelerator  with  a  vertical  guide 
field  the  particle  spin  vector  precesses  around  the  vertical 
axis.  Thus  the  vertical  beam  polarization  is  preserved.  The 
number  of  spin  precessions  per  revolution  of  the  beam  in 
the  ring  is  given  by  vap  =  7 G  [6],  where  G  =  1.7928 
is  the  proton  anomalous  magnetic  moment  and  7  is  the 
Lorentz  factor.  During  acceleration  of  a  polarized  beam, 
depolarizing  resonances  are  crossed  if  the  precession  fre¬ 
quency  7 G  of  the  spin  is  equal  to  the  frequency  of  the 
encountered  spin-perturbing  magnetic  fields.  A  strong- 
focusing  synchrotron  like  COSY  has  two  different  types  of 
strong  depolarizing  resonances,  namely  imperfection  reso¬ 
nances  caused  by  magnetic  field  errors  and  misalignments 
of  the  magnets  and  intrinsic  resonances  excited  by  horizon¬ 
tal  fields  due  to  the  vertical  focusing. 

3  IMPERFECTION  RESONANCES 

AT  COSY 

In  the  energy  range  of  COSY,  five  imperfection  resonances 
have  to  be  crossed  (Table  1).  The  resonance  strength  de¬ 
pends  on  the  vertical  closed  orbit  deviation.  A  spin  flip 
occurs  at  all  resonances,  but  the  influence  of  synchrotron 
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Table  1:  Resonance  strength  er  and  ratio  of  preserved 
polarization  Pf /Pi  at  imperfection  resonances  for  a  typi¬ 
cal  vertical  orbit  deviation  y ™3,  without  considering  syn¬ 
chrotron  oscillation. 


7G 

Ekin 

(MeV) 

P 

(MeV/c) 

„.rms 

if  CO 

(mm) 

G 

(10-3) 

Pf/Pi 

2 

108.4 

463.8 

2.3 

0.95 

-1.00 

3 

631.8 

1258.7 

1.8 

0.61 

-0.88 

4 

1155.1 

1871.2 

1.6 

0.96 

-1.00 

5 

1678.5 

2442.6 

1.6 

0.90 

-1.00 

6 

2201.8 

2996.4 

1.4 

0.46 

-0.58 

oscillation  during  resonance  crossing  cannot  be  neglected. 
At  the  first  imperfection  resonance,  the  calculated  polariza¬ 
tion  with  a  typical  momentum  spread  of  A p/p  =  1  •  10~3 
and  a  synchrotron  tune  of  us  =  1  •  10-3  is  about  Pf  /Pi1 
=  -0.60.  At  the  other  imperfection  resonances,  the  effect  is 
smaller,  due  to  lower  momentum  spread  and  synchrotron 
tune  at  higher  energies.  Vertical  correction  dipoles  or  a 
partial  snake  can  be  used  to  preserve  polarization  at  im¬ 
perfection  resonances  by  exciting  adiabatic  spin  flips.  Sim¬ 
ulations  indicate  that  an  excitation  of  the  vertical  orbit  by 
1  mrad  or  a  rotation  angle  of  the  spin  in  the  partial  snake  of 
less  than  1°  is  sufficient  to  cause  a  spin  flip  without  depo¬ 
larization.  The  vertical  correcting  dipoles  in  COSY  are  de¬ 
signed  to  increase  the  vertical  orbit  deviation  by  1  mrad  at 
maximum  momentum.  The  solenoids  of  the  electron  cooler 
system  inside  COSY  are  available  for  use  as  a  partial  snake. 
They  are  able  to  rotate  the  spin  around  the  longitudinal  axis 
by  about  8°  at  the  maximum  momentum  of  COSY. 

4  INTRINSIC  RESONANCES  AT  COSY 

The  number  of  intrinsic  resonances  depends  on  the  super¬ 
periodicity  P  of  the  lattice,  which  is  given  by  the  number  of 
identical  periods  of  the  accelerator.  COSY  is  a  synchrotron 
with  a  racetrack  design  consisting  of  two  180°  arc  sections 
connected  by  straight  sections.  The  straight  sections  can 
be  tuned  as  telescopes  with  1:1  imaging,  giving  a  2ir  phase 
advance.  Both  arcs  are  composed  of  three  unit  cells  which 
are  each  mirror-symmetrical.  A  half-cell  has  a  QD-bend- 
QF-bend  structure.  When  the  betatron  phase  advance  in  the 
two  straight  sections  of  COSY  is  matched  to  2n,  these  sec¬ 
tions  are  optically  transparent  and  only  the  arcs  contribute 
to  the  strength  of  intrinsic  resonances.  One  obtains  for  the 

'Ratio  of  beam  polarization  before  (i)  and  after  (f)  crossing  a  depolar¬ 
izing  resonance. 
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resonance  condition  7 G  =  k  ■  P  ±  {uy  -  2),  where  k  is  an 
integer  and  vy  is  the  vertical  betatron  tune.  The  magnetic 
structure  in  the  arcs  allows  adjustment  of  the  superperiod¬ 
icity  to  P=  2  or  6.  The  corresponding  intrinsic  resonances 
in  the  momentum  range  of  COSY  are  listed  in  Table  2. 

Table  2:  Resonance  strengths  er  of  intrinsic  resonances 
for  a  normalized  emittance  of  l7r  mm  mrad  and  a  vertical 
working  point  of  3.61  for  different  superperiodicities  P. 


p 

lG 

Ekin 

(MeV) 

P 

(MeV/c) 

cr 

(10-3) 

2 

6~Uy 

312.4 

826.9 

0.26 

2 

0  +  Uy 

950.7 

1639.3 

0.21 

2,6 

£ 

1 

OO 

1358.8 

2096.5 

1.57 

2 

2  ~\-Uy 

1997.1 

2781.2 

0.53 

2 

10  ~Vy 

2405.2 

3208.9 

0.25 

4. 1  Optimizing  the  optics  for  polarized  beam 

To  optimize  the  optics  for  a  polarized  beam,  phase  ad¬ 
vances  and  betatron  amplitudes  have  been  determined 
along  the  ring.  The  measurements  were  done  by  ex¬ 
citing  continuous  betatron  oscillations  and  observing  the 
beam  response  with  a  network  analyzer  between  a  pair  of 
beam  position  monitors.  With  the  phase  advance  of  the 
straight  sections  matched  to  2ir,  the  superperiodicity  of 
the  COSY  lattice  is  determined  by  the  arcs.  The  super¬ 
periodicity  equals  6  if  all  unit  cells  operate  with  the  same 
quadrupole  settings.  In  this  case  only  one  intrinsic  reso¬ 
nance  7 G  —  8  —  uy  occurs,  but  the  transition  crossing 
takes  place  at  about  1600MeV/c.  To  accelerate  the  beam 
to  maximum  momentum,  the  strength  of  the  horizontally 
focusing  quadrupoles  in  the  inner  unit  cells  is  enhanced  by 
about  40%  to  shift  the  transition  energy  above  the  maxi¬ 
mum  momentum.  At  the  same  time,  the  strength  of  the 
horizontally  focusing  quadrupoles  in  the  outer  unit  cells  is 
decreased  by  20%  to  keep  the  betatron  tunes  constant.  The 
superperiodicity  of  these  beam  optics  is  2.  Consequently, 
four  additional  intrinsic  resonances  are  introduced  (Table 
2),  which  can  be  suppressed  if  the  harmonics  of  the  cor¬ 
responding  spin-perturbing  fields  are  corrected.  Theoreti¬ 
cal  studies  of  the  COSY  lattice  revealed  the  possibility  of 
suppressing  the  strength  of  intrinsic  resonances  using  the 
vertically  focusing  quadrupoles  in  the  inner  unit.  This  has 
been  confirmed  by  measurements  with  a  polarized  beam 
[7],  The  new  method  avoids  the  drawbacks  associated  with 
the  non-adiabatic  nature  of  tune  jumps,  which  otherwise 
would  be  necessary  to  preserve  polarization  at  all  intrinsic 
resonances  at  COSY. 

4.2  Successful  test  of  the  tune  jump  system 

A  tune  jump  allows  one  to  preserve  polarization  at  intrinsic 
resonances  by  increasing  the  crossing  speed  significantly. 


This  is  accomplished  by  abruptly  changing  the  vertical  be¬ 
tatron  tune  during  resonance  crossing  in  the  range  of  mi¬ 
croseconds.  A  magnet  system  consisting  of  two  pulsed 
air  core  quadrupoles  was  developed.  This  system  was  de¬ 
signed  to  achieve  polarization  losses  of  less  than  5%  at  the 
strongest  intrinsic  resonance,  and  less  than  1%  at  all  other 
intrinsic  resonances  in  COSY  [8].  To  meet  this  goal,  a 
vertical  tune  jump  of  0.06  in  10 (is  was  needed.  Fig.  1 
shows  the  polarization  of  the  COSY  beam  measured  dur¬ 
ing  acceleration  around  the  strongest  intrinsic  resonance 
7 G  =  8  —  uy.  This  resonance  excites  a  natural  spin  flip. 
The  polarization  loss  depends  on  the  vertical  emittance  of 
the  beam.  With  a  tune  jump,  the  polarization  was  almost 
preserved.  This  tune  jump  method  can  be  extended  to  all 
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Pbeom  (MeV/c) 

Figure  1 :  Ratio  of  preserved  beam  polarization  Pf  / P,  after 
crossing  the  strongest  intrinsic  resonance  at  2090  MeV/c 
with  and  without  tune  jump  measured  during  acceleration 
with  the  EDDA  detector. 

other  intrinsic  resonances  because  they  are  nearly  a  factor 
three  weaker  than  the  strongest  resonance. 

5  ACCELERATION  OF  THE 
POLARIZED  BEAM 

During  the  July  1998  running  period,  the  polarized  beam 
was  accelerated  to  2700  MeV/c.  The  spin  was  flipped  at  the 
imperfection  resonances  7 G  =  2,  3,  4  and  5  using  correct¬ 
ing  dipoles.  To  avoid  polarization  losses  at  the  first  intrinsic 
resonance  (7 G  —  6  -  vy  at  827  MeV/c),  the  acceleration 
of  the  beam  started  with  P= 6  optics.  At  about  900  MeV/c, 
the  COSY  beam  optics  was  then  switched  to  superperiod¬ 
icity  P-2  to  shift  the  transition  energy.  As  expected,  cross¬ 
ing  7 G  =  0  +  uy  at  1640  MeV/c  led  to  polarization  losses. 
After  suppressing  the  strength  of  intrinsic  resonances  using 
the  vertically  focusing  quadrupoles  in  the  inner  unit,  the  ra¬ 
tio  of  the  preserved  polarization  at  the  second  intrinsic  res¬ 
onance  could  be  significantly  increased.  At  the  strongest 
intrinsic  resonance,  the  polarization  could  be  almost  pre¬ 
served  using  a  tune  jump.  The  measured  polarization  after 
this  optimization  for  polarized  beam  is  shown  in  Fig.  2.  In 
the  following  running  period  in  December  1998  we  were 
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Figure  2:  Beam  polarization  measured  during  acceleration 
with  the  EDDA  detector  in  the  momentum  range  between 
1 1 00  MeV/c  and  2700  MeV/c. 


able  to  preserve  polarization  at  the  maximum  momentum 
of  COSY. 

6  SIBERIAN  SNAKE  FOR  COSY 

Siberian  snakes  are  used  to  eliminate  depolarizing  reso¬ 
nances  in  circular  accelerators.  The  spin  is  rotated  by  180° 
in  the  snake,  forcing  the  spin  tune  to  be  a  half  integer,  in¬ 
dependent  of  the  beam  energy  [9].  To  conserve  the  po¬ 
larization  using  a  Siberian  snake  with  a  solenoid  field,  the 
direction  of  the  spin  vector  has  to  be  longitudinal  at  the 
symmetry  point  of  the  snake,  which  is  point  in  the  accel¬ 
erator  opposite  to  the  position  of  the  snake.  This  can  be 
achieved  by  turning  on  the  snake  after  injection  and  ramp¬ 
ing  it  until  the  rotation  angle  of  the  spin  is  180°.  During  this 
process,  the  spin  direction  changes  from  vertical  to  longi¬ 
tudinal  at  the  symmetry  point,  and  the  spin  tune  changes 
from  vsp  =  7 G  (without  snake)  to  the  nearest  half-integer 
tune  (180°  snake).  To  avoid  crossing  depolarizing  reso¬ 
nances,  the  snake  can  be  turned  on  at  half-integer  spin  tune. 
Then  the  spin  tune  is  equal  to  a  half  integer  for  any  snake 
strength.  This  condition  is  satisfied  whenever  the  kinetic 
energy  Ekin  is  given  by  Ekin  =  370 MeV  +  k  ■  523 MeV, 
where  k  is  an  integer.  In  the  energy  range  of  COSY,  only  a 
solenoid  field  is  suitable.  A  solenoid  field  for  180°  spin  ro¬ 
tation  rotates  the  transversal  phase  space  by  32.2°.  This 
can  be  compensated  with  two  skewed  quadrupole  dou¬ 
blets.  Different  snake  schemes  for  COSY  have  been  inves¬ 
tigated  [1],  One  possible  magnet  arrangement  consists  of 
four  skewed  quadrupoles,  with  a  maximum  gradient  fields 
of  34.2T/m  and  -32.2T/m  rotated  by  21.5  and  15.2°  in 
each  doublet,  and  one  solenoid  lying  in  between.  The  re¬ 
quired  integral  field  strength  for  the  solenoid  is  12.4  Tm  at 
3300  MeV/c.  Superconducting  magnet  technology  has  to 
be  used  to  achieve  an  acceptable  length  of  the  snake.  The 


total  length  of  such  a  magnet  system  is  5.6  m,  and  it  would 
fit  into  one  of  the  straight  sections  of  COSY. 

7  CONCLUSION 

Correction  dipoles  and  the  solenoids  of  the  electron  cooler 
acting  as  a  partial  snake  were  successfully  used  to  preserve 
the  polarization  by  exciting  adiabatic  spin  flips.  Both  meth¬ 
ods  are  available  for  all  five  imperfection  resonances  in  the 
momentum  range  of  COSY.  With  the  standard  optics  of 
COSY,  five  intrinsic  resonances  are  excited.  Calculations 
predict,  and  measurements  confirm,  that  some  of  these  res¬ 
onances  can  be  suppressed  by  changing  the  optics  during 
acceleration.  A  tune  jump  is  necessary  for  the  remain¬ 
ing  intrinsic  resonances.  A  magnet  system  consisting  of 
two  pulsed  air  core  quadrupoles  was  developed  and  suc¬ 
cessfully  used.  Polarization  measurements  during  acceler¬ 
ation  confirm  that  the  developed  concept  allows  the  accel¬ 
eration  of  a  vertically  polarized  proton  beam  up  to  the  max¬ 
imum  momentum  of  COSY.  The  installation  of  a  Siberian 
snake  could  also  provide  a  longitudinally  polarized  beam 
in  COSY. 
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Abstract 

The  design  and  initial  operation  of  the  first  ion  storage 
ring  using  electrostatic  deflection  and  focusing  elements 
was  described  in  [1,2].  In  the  present  contribution,  the 
design  will  be  only  briefly  described,  and  emphasis  will 
be  given  to  the  operational  experience  with  the  storage 
ring.  At  the  time  of  writing  this  contribution,  different 
beams  of  both  positive  and  negative  atomic  and  molecular 
ions  of  masses  ranging  from  4  to  840  AMU’s  have  been 
stored.  The  residual-gas  pressure,  which  in  the  best  cases 
has  been  below  10  “  mBar,  determines  the  lifetimes  of 
low-intensity  beams  of  stable  ions.  Lifetimes  up  to  more 
than  30  seconds  have  been  observed.  Intensity-related 
losses  of  beam  are  observed  when  the  number  of  injected 
particles  is  higher  than  a  few  times  105.  These  losses  are 
not  understood  at  present.  Future  research  programs  will 
be  outlined,  including  storage  of  very  heavy  bio¬ 
molecules. 

1  INTRODUCTION 

Research  in  low-  and  medium-energy  atomic  and  nuclear 
physics  has  progressed  tremendously  with  the  introduction 
of  small  storage  rings  into  these  areas  [3].  These  storage 
rings  for  both  light  and  heavy  ions  have  evolved  from  the 
high-energy  storage  rings  and  use  magnetic  elements  for 
deflection  and  focusing.  The  rings  have  circumferences 
larger  than  40  m  and  rigidities  larger  than  2  Tm.  In  [1]  it 
was  proposed  to  construct  a  small  storage  ring  using 
electrostatic  devices  for  deflection  and  focusing.  The 
design  and  first  results  from  the  commissioning  of  this 
electrostatic  storage  ring,  ELISA,  were  described  in  [2], 

The  alternative  storage  device  used  to  confine  charged 

neutrals 

<3- 


particles  for  extended  periods  of  time  in  a  small  volume  of 
space  is  the  electromagnetic  trap  [4],  in  which  the 
confinement  is  provided  by  static  (Penning  trap)  or 
varying  (Paul  trap)  electromagnetic  fields.  In  an  ion  trap, 
the  ions  have  a  vanishing  average  velocity  as  opposed  to 
the  energetic  ions  in  a  straight  section  of  a  storage  ring. 
We  also  mention  the  recent  development  of  a  storage 
device  consisting  of  two  180°  electrostatic  mirrors  [5], 

The  layout  of  the  ring  is  given  in  Fig.  1.  The  lattice 
consists  of  two  160°  spherical  electrostatic  deflectors 
(SDEH),  each  having  a  10°  parallel-plate  electrostatic 


Figure  2:  Lattice  functions  for  ELISA. 

deflector  (DEH)  and  an  electrostatic  quadrupole  doublet 
(QEH/V)  on  each  side.  The  resulting  lattice  functions  are 
shown  in  Fig.  2  and  a  very  strong  waist  in  the  middle  of 
the  spherical  bends,  characteristic  of  this  lattice,  is  seen. 
One  of  the  main  differences  between  electrostatic  and 
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Figure  1 :  Layout  of  the  ELISA  storage  ring.  The  abbreviations  are  explained  in  the  text. 
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magnetic  deflection  is  that  the  longitudinal  energy  is  not 
conserved  in  the  electrostatic  case.  This  effect  is  actually 
what  gives  rise  to  the  strong  horizontal  focusing  in  the 
160°  bends.  Furthermore,  such  spherical  deflection 
electrodes  give  rise  to  equally  strong  horizontal  and 
vertical  focusing.  Closed-orbit  correction  can  be 
performed  with  the  four  vertical  correctors  (DEV)  and  the 
four  10°  bends. 

Diagnostics  of  the  injected  beam  can  be  made  using  the 
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Figure  3:  BPM  sum  signals  from  a  chopped  22  keV 

N2*  beam.  For  details,  see  the  text. 

Faraday  cup  and  the  fluorescent-screen  viewer,  and  the 
stored  beam  can  be  monitored  with  the  four  horizontal  and 
four  vertical  beam-position  monitor  pick-ups.  In  addition, 
the  two  sets  of  scrapers  can  be  used  for  beam  size  and 
position  measurements.  Finally,  there  are  two  ports  for 
detection  of  ions  having  had  a  charge-changing  collision 
in  the  straight  sections.  These  neutralised  ions  are 
observed  with  a  channel-plate  detector  with  a  fluorescent 
screen  and  provide  a  direct  real-time  observation  of  the 
projection  of  the  circulating  beam. 

The  high-voltage  supplies  are  designed  to  allow  storage 
of  ions  with  kinetic  energies  less  than  25  keV,  and  we 
stress  here  that  this  can  be  ions  of  almost  any  mass. 

2  COMMISSIONING  RESULTS 

During  the  one  year  that  has  passed  since  the 
commissioning  of  ELISA  started,  a  wealth  of  different 
ions  have  been  stored,  and  the  advantage  of  an 
electrostatic  ring  to  store  ions  of  different  masses  for  the 
same  setting  of  the  lattice  elements  has  been  verified. 
There  are,  however,  small  adjustments  to  be  made 
between  positive  and  negative  ions,  and  between  light  and 
heavy  ions.  This  is  presumably  caused  by  stray  magnetic 
fields  from  the  ion  pumps  and  the  magnetic  field  of  the 
earth.  The  species  used  so  far  include  NT,  Ar\  Xe\  D2\ 
N2  >  CO  ,  0 , 03 ,  CM96 ,  Alx ,  Cux ,  Agx ,  C2H2 . 

The  first  observations  are  made  with  the  beam-position 
monitors,  which  provides  both  a  X  and  a  A  signal 
reflecting  the  circulating  intensity  and  the  position  of  the 
beam,  respectively.  The  X  signals  from  a  chopped  22  keV 
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N2+  beam  consisting  of  around  5-106  ions  are  shown  in  Fig. 
3  at  injection  time  and  1,  5,  15,  30  and  60  msec,  later. 
Successive  revolutions  are  clearly  seen,  and  the  signals 
show  that  there  are  no  beam  losses  during  the  first  many 
milliseconds.  The  de-bunching  of  the  beam  owing  to  the 
momentum  spread  is  observed  at  late  times. 

When  the  beam  has  de-bunched,  the  intensity  can  not  be 
measured  with  the  pick-up’s.  The  circulating  intensity 
can,  however,  be  monitored  with  the  detectors  at  the  end 
of  the  straight  sections,  since  the  number  of  neutralised 
ions  is  proportional  to  the  circulating  intensity  and  the 
residual-gas  pressure.  In  fig.  4  is  shown  this  neutral 
particle  yield  for  four  different  injected  currents  of  1.5, 
10,  44  and  140  nA  of  22  keV  O'.  These  currents 
correspond  to  1.4-103,  1-106,  4.4- 106  and  1.4-107  ions, 
respectively.  The  remaining  beam  is  kicked  out  after  55 
seconds,  and  the  signal  seen  after  this  time  corresponds  to 
the  background  in  the  detector.  An  exponential  decay  is 


Figure  4:  Neutral  particle  yield  as  function  of  time  for 
four  different  injected  currents  of  O'. 

observed  for  low  currents,  with  a  lifetime  of  20  seconds. 
This  lifetime  is  compatible  with  the  electron  detachment 
cross  section  for  residual-gas  collisions  at  a  pressure  of  a 
few  times  10'11  mBar.  Although  the  pressure  is  not  known 
very  accurately,  increasing  the  pressure  in  ELISA  has 
proven  a  lifetime  dominated  by  the  residual  gas. 

Cross  sections  for  residual-gas  interactions  (electron 
capture  and  loss)  are  almost  energy-independent  at  these 
low  energies,  which  in  turn  means  that  storage  times  will 
scale  inversely  proportional  to  the  velocity.  We  have 
measured  the  lifetimes  of  a  O'  beam  at  22  and  1 1  keV  to 
26  and  33  seconds,  respectively,  in  accordance  with  this 
scaling.  The  longest  lifetimes  observed  are  a  lifetime  of 
36  seconds  for  a  22  keV  Xe+  beam. 

A  comparison  of  residual-gas  dominated  lifetimes  of  a 
positive  and  negative  oxygen  beam  at  22  keV  is  made  in 
Fig.  5.  The  lifetime  of  the  positive  beam  is  around  11 
seconds,  whereas  the  lifetime  of  the  negative  beam  is 
around  26  seconds.  This  difference  is  explained  by  the 
electron-capture  cross  section  of  0+,  which  is 


2296 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


approximately  a  factor  of  3  larger  than  the  electron- 
detachment  cross  section  of  O  at  low  energies.  Both 
measurements  are  made  with  injected  currents  of  around  1 
nA  and  similar  residual-gas  pressures. 

Since  the  residual-gas  pressure  determines  the  lifetimes 
of  low-intensity  beams,  longer  lifetimes  can  be  obtained 


Figure  5:  Comparison  of  lifetimes  of  O*  and  O'  beams 
at-22  keV. 

by  reduction  of  this  pressure.  One  possibility  with  a  small 
ring  like  ELISA  is  the  possibility  to  cool  the  whole  ring, 
which  in  turn  reduces  the  out-gassing  of  the  vacuum 
chamber  walls.  This  has  been  tried  with  a  reduction  of  the 
pressure  to  a  few  times  1012  mBar.  ELISA  was  cooled 
with  liquid  nitrogen,  using  the  same  insulation  box  as  used 
during  bake-out. 


Figure  6:  Betatron  frequencies  for  a  22  keV  CO* 
beam  in  ELISA. 


For  larger  currents,  a  reduction  in  the  lifetime  is  seen  in 
Fig.  4  at  early  times,  corresponding  to  an  intensity 
dependent  lifetime.  The  origin  of  this  effect  is  as  yet 
unknown.  Estimates  of  intra-beam  scattering  times  give 
characteristic  times  of  the  order  of  hours,  much  longer 
than  the  characteristic  times  observed.  Tune  shifts  are  also 
too  small  (of  the  order  of  0.001)  to  have  a  significant 
influence.  Also  intra-beam  stripping,  i.e.  loss  of  ions  due 


to  electron  detachment  in  O'-O'  collisions,  can  not  explain 
the  observations.  Similar  effects  observed  for  positive 
beams  corroborate  this  last  statement.  Measurements  of 
beam  profiles  do  not  indicate  a  large  emittance  increase 
for  the  intense  beams. 

Looking  at  the  lattice  functions  in  Fig.  2  makes  one 
focus  on  the  very  low  beta-functions  in  the  middle  of  the 
spherical  deflectors,  nominally  equal  to  0.1  and  0.02  m 
horizontally  and  vertically,  respectively.  It  has  been 
proposed  [6]  that  the  losses  might  be  due  to  excitation  of 
resonances  by  the  strong  envelope  modulation.  Although 
such  an  effect  evidently  exists,  quantitative  estimates  of 
the  influence  are  not  yet  available.  A  remedy  for  such  an 
effect  would  be  a  modification  of  the  lattice  in  order  to 
make  the  lattice  functions  smoother.  Such  a  modification 
is,  however,  not  easy  with  a  race-track  configuration  due 
to  the  strong  focusing  from  electrostatic  bends.  One 
suggestion  would  be  to  replace  the  160°  spherical  bend  by 
two  80°  cylindrical  bends  and  a  vertically  focusing 
quadrupole,  as  suggested  in  [7]. 

Experience  has  shown  that  ELISA  is  rather  sensitive  to 
the  betatron  tunes.  Measured  tunes  of  a  CO*  beam  are 
shown  in  Fig.  6.  The  tunes  are  measured  by  a  FFT 
analysis  of  the  A  signal  from  a  pick-up  for  a  mis-steered 
chopped  beam.  The  non-integer  parts  of  the  betatron 
frequencies  are  directly  observed  together  with  the 
revolution  frequency  at  52  kHz.  In  an  electrostatic  ring  as 
ELISA,  where  the  deflectors  also  are  focusing,  there  is  a 
strong  coupling  between  the  position  and  the  tunes.  This  is 
a  complication  and  a  restriction  in  tuning  the  machine. 

3  CONCLUSIONS  AND  OUTLOOK 

The  principle  of  an  electrostatic  storage  ring  has  been 
proven  to  work  and  the  first  experiments  studying  the 
decay-properties  of  beams  directly  or  by  means  of  lasers 
are  in  progress.  For  these  experiments,  the  intensity 
limitations  observed  are  unimportant,  as  it  also  is  for  the 
planned  study  of  stored  bio-molecules.  However,  there  are 
planned  experiments  aiming  to  study  the  interaction 
between  stored  ions  and  electrons,  where  higher 
intensities  are  required,  and  a  solution  to  the  intensity- 
problem  will  be  sought. 
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Abstract 


Low  emittance  sub-picosecond  electron  pulses  are 
expected  to  be  used  in  a  wide  field,  such  as  free  electron 
laser,  laser  acceleration,  femtosecond  X-ray  generation 
by  inverse  Compton  scattering,  and  pulse  radiolysis,  etc. 
In  order  to  produce  the  low  emittance  sub-picosecond 
electron  pulses,  we  are  developing  a  compact  racetrack 
microtron  (RTM)  with  a  new  5  MeV  injection  system 
adopting  an  laser  photo  cathode  RF  gun  [1],  The 
operation  of  RTM  is  kept  under  the  steady  state  of  beam 
loading  for  long  pulse  mode  so  far[2].  We  have 
investigated  for  the  first  time  by  numerical  simulation  in 
the  case  of  short-  and  single-pulse  acceleration.  As  the 
results,  RTM  is  also  useful  to  accelerate  a  picosecond 
electron  pulse  under  a  transient  state  of  beam  loading.  In 
the  simulation,  a  picosecond  electron  pulse  is 
accelerated  to  139  MeV  in  RTM  for  the  injection  of 
about  5  MeV  pulse  with  pulse  length  of  3  picoseconds, 
charge  of  1  nC  per  pulse,  and  emittance  of  1.87tmm  mrad, 
which  corresponds  of  output  of  the  RF  gun. 

1  INTRODUCTION 

Ultra-short  and  low  emittance  electron  beams  are 
indispensable  tool  for  the  physical  chemistry 
investigation  in  ionisation  and  excitation  processes  of 
various  kind  of  materials.  Further,  high  quality  X-ray 
beam  with  the  pulse  length  of  the  pico-  to  femtosecond 
time  region  can  be  generated  by  the  Inverse  Compton 
Scattering  process  between  high-brightness  and  short 
pulse  laser  light  and  the  high  quality  electron  beam  [1-3], 

One  of  the  most  powerful  methods  to  generate  the  high 
quality  electron  beam  is  considered  to  apply  a  photo 
cathode  RF  gun  system  in  the  combination  with 
racetrack  Microtron  (RTM).  Recent  rapid  progress  of  the 
photo  cathode  RF  gun  system  conducted  by  the 
collaboration  among  the  BNL,  KEK  and  SHI[4] 
promises  us  to  generate  suitable  electron  beams  to  inject 
into  the  RTM  with  desired  beam  parameters.  In  such  a 
way,  we  can  generate  short  pulse  and  very  low  emittance 
electron  beam  with  the  energy  up  to  150  MeV[5]. 

The  design  of  RTM  has  been  established  and  been 
demonstrated  as  the  injectors  of  compact  SR  rings, 
AURORA- 1  and-2[6].  The  already-existing  design  is, 
however,  optimized  for  the  output  beam  having 
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somewhat  long  electron  pulse  length  at  around  a  few 
microseconds  and  relatively  low  peak  current,  10mA  at 
the  maximum.  When  we  apply  the  combination  of  RTM 
with  photo  cathode  RF  gun  as  the  injection  system,  we 
have  to  investigate  the  behaviours  of  electron  beams  on 
the  condition  of  transient  beam  loading  and  effect  of 
chicane  magnets  for  the  5MeV  electron  injection.  The 
system  configuration  is  shown  in  Fig.  1.  The  effects  of 
space  charge  and  synchrotron  radiation  while 
acceleration  would  next  be  taken  into  account. 

In  the  first  step  of  the  simulation,  we  have  calculated 
the  output  beam  characteristics  obtained  from  photo 
cathode  RF  gun  using  MAGIC  code.  In  the  second  step, 
we  have  calculated  the  final  beam  characteristics  as  the 
output  from  RTM  using  a  modified  SUPERFISH  code  to 
treat  the  time  dependent  acceleration  field. 


0  J  2  3lm) 
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Figure  1  :  Top  view  of  150-MeV  RTM 
with  RF  gun  injection  system 

2  RF  GUN 

RF  gun  using  for  our  simulation  is  based  on  so-called 
BNL  type,  1 .6  cell  s-band  cavity  structure.  Fig  2  shows 
the  typical  emittance  result  obtained  for  the  gun  using 
the  following  parameters. 
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•  Input  laser  pulse  length  :  lOps 

•  Laser  beam  spot  size  in  diameter  :  2.4mm 

•  Acceleration  Field  Strength  :  lOOMV/m 

•  Resonance  Frequency  :  2854.62MHz  as  a  n  mode 

•  Energy  Gain  :  4.9375  ±0.0225  MeV 

•  Electron  Charge  :  100  pC 


Figure  2  :  Normalized  emittance  of 
output  beam  from  RF  gun 

The  obtained  normalized  rms  emittance  is  about 
1.8mm  mrad.  with  the  pulse  length  of  3ps.  This 
emittance  value  is  not  so  small  in  the  view  point  of  RF 
gun  characteristics.  Better  emittance  can  be  obtained 
using  other  parameters  by  selecting  the  injection  RF 
phase  and  laser  light  diameter,  in  the  electron  charge  up 
to  several  hundreds  of  pC,  however,  acceptance  of  RTM 
is  much  limited  and  we  selected  the  above  parameters 
for  the  complete  acceptance  to  RTM 

3  MICROTRON 

The  major  components  of  RTM  are  two  180  degree 
bending  magnets  placed  on  both  end-sides  with  reverse 
field  one  in  front  of  each,  one  s-band  accelerating 
structure  of  0.5  m  long  placed  on  the  mid-portion  of  the 
first  orbit  near  the  injection  point,  and  the  RF  gun  as  the 
injector.  Here,  except  this  new  injection  scheme,  other 
sub-systems  are  precisely  the  same  as  the  normal 
parameters  of  150  MeV  RTM.  This  means  that  the 
optimisation  of  parameters  for  high  energy  and  low 
emittance  electron  injection  does  not  carried  out  in  this 
study.  The  principal  parameters  of  RTM  for  the 
numerical  calculation  are  shown  in  Table  1. 


Circulating  No. 

23  laps 

Energy  Gain 

6  MeV/lap 

Bending  Field 

1.23  and  1.228  Tesla 

Field  Gradient 

0.14  Tesla/m 

Reverse  Field 

0.2919  and  0.2777  Tesla 

Chicane  Field 

0.33  Tesla 

RF  Frequency 

2856  MHz 

Accelerating  Gradient 

15  MV/m 

No.  of  Accelerating  Cell 

7  full +  2  half  cells 

Table  1:  Parameters  of  RT 

M 

4  SIMULATION  RESULTS 

For  the  simulation  of  single-bunch  of  InC,  we  have 
roughly  estimated  the  stored  energy  in  the  acceleration 
cavity  before  and  after  the  single-bunch  acceleration. 
Originally,  there  is  about  2  joules  of  stored  energy  in  the 
cavity  which  consists  of  7-full  and  2-half  cells  of  side 
coupled  type.  During  the  acceleration  of  InC  electron 
bunch,  it  needs  about  0.15  joule  when  accelerated  to  150 
MeV.  Thus,  about  7.5%  of  stored  energy  is  taken  away 
by  the  beam  which  enforces  about  3.8%  decline  of 
electric  field  upon  the  cavity  when  no  refill  of  RF  power 
is  assumed. 

We  have  calculated  the  beam  transmittance  while 
circulating  in  RTM  and  the  emittance  after  the 
acceleration  are  shown  in  Figs.  3  and  4  using  the  input 
parameters  of  Fig.2.  Beam  transmittance  data  shows  that 
about  82  %  of  electrons  are  obtained  at  the  acceleration 
energy  to  139.55  MeV.  The  emittance  data  after  the 
acceleration,  we  have  obtained  rms-ex,  -ey  are  0.12  and 
0.037  Jtmm  mrad.,  respectively.  These  are  the  smallest 
values  which  we  have  obtained  by  experiments  and 
calculations^],  however,  these  are  still  larger  than 
expected  values. 

The  distribution  of  (E,t}>)  phase  space  of  accelerated 
electrons  within  a  bunch  are  shown  in  Fig.  5  (right) 
together  with  the  histogram  of  energy  distribution  (left). 
From  the  figure,  the  beam  energy  after  23  laps  of 
acceleration  is  read  as  139.55  MeV  and  energy  spread 
AE/E  as  ±0.07  %.  The  phase  distribution  is  more  clearly 
shown  in  Fig.6,  where  the  final  distribution  are 
demonstrated.  The  phase  spread  is  compressed  to  1.5  ° 
after  the  acceleration,  about  a  half  of  the  initial  spread.  It 
is  equivalent  to  1.5  psec  pulse  length.  When  acceleration 
is  performed  up  to  151  MeV,  we  can  get  smaller  energy 
spread  down  to  ±0.02  %  of  AE/E. 


Figure  3  :  Beam  transmittance  in  RTM 
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Figure  4  :  Final  emittance  of 

output  beam  from  RTM 


Energy  of  electrons  [MeV]  Phase  of  electrons  [degree] 


Figure  5  :  Final  energy  spectrum  and  (E,<|>) 
distribution  of  accelerated  beam 


ey  and  fine  tuning  of  beam  orbit  at  the  reverse  field. 
Other  and  better  way  is  to  be  change  the  system  at  the 
first  orbit  to  avoid  the  reverse  magnet  and  the  beam  can 
accelerate  through  the  achromatic  orbit. 
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Figure  6  :  Final  bunch  length  at  139.55MeV 


5  CONCLUSION 

It  has  been  proved  by  numerical  simulations  that  the 
acceleration  of  ultra-short  single-bunch  electron  beam 
emitted  from  a  photo  cathode  RF  gun  about  5  MeV  was 
achieved.  However,  in  the  normal  RTM  parameter  does 
not  permit  us  conservation  of  normalized  emittance.  This 
may  be  considered  that  the  reverse  field  of  the  first  orbit 
is  not  perfectly  arranged  to  get  better  ex.  On  the  other 
hand,  increase  of  ey  may  cause  by  lack  of  suitable  lattice 
structures.  Hence,  we  have  two  ways  to  upgrade  the 
RTM  for  the  acceleration  of  ultra-low  emittance  electron. 
One  is  to  add  focussing  magnet  for  the  conservation  of 
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Abstract 

We  have  designed  a  compact  LINear  Accelerator 
injected  pulsed  Race  Track  Microtron  to  produce  -150 
pC/bunch,  57t  mm  x  mrad  normalized  transverse 
emittance,  5  ps  bunch  electron  beams  with  energy 
selectable  between  5  and  35  MeV  in  2.5  MeV  increments. 

1  INTRODUCTION 

Our  proposed  compact  inexpensive  electron  source  has 
advantages  over  a  conventional  LINAC  but  could  be 
bunch  charge  limited  [1],  Here  we  detail  our  design  study 
of  this  system  in  which  we  investigated  the  injector,  the 
RTM,  and  the  injection/extraction  line  beam  dynamics 
and  obtained  the  Coherent  Synchrotron  Radiation  and 
transverse  Beam  Blow  Up  bunch  charge  limits. 


Our  system,  seen  in  Fig.  1  whose  principal  parameters 
are  listed  in  Table  1,  consists  of  (1)  a  Radio  Frequency 
gun,  (2)  an  a-magnet,  (3)  a  slit,  (4)  a  laser,  (5)  lenses,  (6) 
the  injector  Accelerating  Structure,  (7,12,19)  quadrupole 
triplets,  (8,13)  dipole  magnets,  (9)  the  RTM  AS,  (10,11) 
quadrupole  singlets,  (14,15)  end  dipole  magnets,  (16) 
correcting  magnets,  (17)  extraction  magnets,  (18)  a  phase 
adjusting  chicane,  and  (20)  a  bunch  compressor.  Our 
electron  source  has  three  important  features:  (a)  High- 
energy  (5  MeV)  injection  provided  by  a  thermionic  RF 
gun,  an  a-magnet,  and  the  injector  AS;  (b)  Simple  RTM 
optics  and  permanent  magnet  end  dipoles;  and  (c)  Beam 
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compression  by  simultaneously  using  the  RTM  AS,  the 
end  magnets,  and  an  external  chicane. 


Table  1:  RTM  parameters 


Injection  Energy 

5  MeV 

Output  Beam  Energies 

5  -  35  MeV 

Peak  Beam  Current 

-30- 100  A 

Pulsed  Beam  Current 

115  mA 

Norm.  Beam  Emittance 

5  it  mm  x  mrad 

Longitudinal  Emittance 

50  keV  x  deg 

Beam  Micro-pulse  Length 

5  - 1  ps 

Beam  Macro-pulse  Length 

5  ps 

Pulse  Repetition  Rate 

1  to  300  Hz 

RF  Frequency 

2,856  MHz 

RTM  Dimensions 

130  x  65  x  16  cm3 

Pulsed  RF  Power 

6  MW 

End  Magnet  Field 

0.5  T 

End  Magnet  Weight 

2  x  160  kg 

2  INJECTOR 


By  separating  the  injector  from  the  RTM,  we  can  generate 
bunches  using  a  variety  of  techniques  and  then  optimize 
the  RTM  without  concern  for  bunch  formation.  Our 
injection  energy  is  high  enough  to  suppress  ordinary 
space  charge  effects  and  to  simply  solve  the  “first  orbit” 
problem  but  sufficiently  low  so  as  to  be  economical. 
Injecting  at  5  MeV  is  a  reasonable  compromise. 

A  conventional  electron  gun  will  not  give  us  our 
injector  bunch  parameters,  while  a  photocathode  RF  gun 
is  too  expensive.  Thus,  we  will  form  bunches  with  a 
thermionic  RF  gun.  To  decrease/regulate  the  RTM  beam 
loading,  we  can  either  operate  the  RF  gun  at  the  4th 
subharmonic  or  alternatively  at  the  4th  subharmonic  or 
fundamental  frequency  using  a  preheated  LaB6  cathode 
gated  by  long  pulses  from  an  inexpensive  laser  [2].  The 
beam  dynamics  are  unaffected  for  laser  pulses  whose 
length  is  comparable  or  greater  than  the  RF  period. 

We  study  the  beam  dynamics  in  a  single  cavity  714 
MHz  RF  gun  (1)  whose  cavity  length  and  RF  field 
amplitude  gives  a  1.8  MeV  maximum  energy  beam  with  a 
unique  energy-phase  correlated  longitudinal  phase  space 
distribution.  We  then  longitudinally  prepare  the  5  MeV 
injector  bunches  to  match  the  RTM  acceptance  by  a  phase 
space  transformation  using  an  a-magnet  (2)  with  an 
adjustable  collimating  slit  (3)  and  a  five  cell  standing 
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wave  AS  (6).  We  transversely  focus  the  injector  beam 
with  quadrupole  triplets  (5)  placed  at  the  a-magnet 
entrance  and  exit. 

Hhose,  degrees 


Figure  2:  Longitudinal  injector  exit  phase  space 


Figure  2  shows  the  longitudinal  phase  space  at  the 
injector  exit  matched  to  the  RTM  acceptance  while  Table 
2  gives  the  bunch  parameters  at  the  injector  exit  [3,4], 


Table  2:  Injector  exit  bunch  parameters 


earn 

Normalized  (ex) 
Normalized  (£y) 
(Wheam) 

*4  Wbeam 
A(pbeam 

M _ 


280  pC 

18.4  mm  x  mrad 
20.3  mm  x  mrad 
5.0  MeV 
+  56  keV 
+  3.6° 

200  keV  x  deg 


3  RTM 


Our  RTM  has  a  2.5  MeV  synchronous  energy  gain  per 
orbit  and  attains  the  35  MeV  maximum  energy  beam  in 
12  orbits.  To  maximize  the  longitudinal  acceptance  we 
chose  the  incremental  number,  v,  to  be  1  and  so  0.5  T  is 
the  end  magnet  main  field. 

High-energy  injection  simplifies  the  RTM  beam 
dynamics  where  we  achieve  focusing  by  quadrupole 
singlets  installed  at  each  end  of  the  RTM  AS  as  in 
Continuous  Wave  machines  [5],  We  optimize  the 
quadrupole  gradients  and  find  matched  transverse  and 
longitudinal  phase  space  ellipses  parameters. 

Our  calculated  bunch  parameters  at  the  RTM  exit 
neglecting  space  charge  effects,  listed  in  Table  3,  have 
transverse  and  longitudinal  emittances  slightly  greater 
than  our  desired  values.  However,  we  have  some  excess 
bunch  charge  that  we  reduce  by  decreasing  the  a-magnet 
collimating  slit  width  and  thereby  decrease  the  beam 
emittance. 


Table  3:  Bunch  parameters  at  the  RTM  exit 


0-beam 

230  pC 

Normalized  (e,) 

12.97  mm  x  mrad 

Normalized  ( £y ) 

16.20  mm  x  mrad 

(  ^beam) 

35.1  MeV 

{A  Wbeam) 

±  30  keV 

A(pbeam 

±5° 

(eL) 

102.8  keV  x  deg 

As  in  our  70  MeV  RTM  design  [6],  we  use  permanent 
magnet  box-type  end  magnets  [7]  which  in  contrast  to 
electromagnets  require  no  power  supply,  cooling,  or 
complicated  control  system  and  are  more  compact  and 
weighs  less.  To  compensate  for  beam  defocusing,  we 
form  a  reverse  field  at  the  magnet  entrance  with  a  second, 
opposite  polarity,  pole. 


Figure  3:  RTM  accelerating  structure 

We  use  a  standing  wave  on-axis  coupled  AS  in  both 
the  injector  and  RTM.  The  three  accelerating  cell  RTM 
AS,  seen  in  Fig.  3,  have  f^2  =  2,856.04  MHz,  rsh  =  72.7 
Mfl/m,  kc  =  7.0  %,  and  Q  =  14,530. 


4  INJECTION  AND  EXTRACTION 


injector  Hnac 
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Figure  4  Injection  (top)  and  extraction  (bottom)  paths 


The  injection  path,  shown  in  Fig.  4,  provides  a  dispersion 
free  beam  which  is  transversely  matched  to  the  RTM 
acceptance. 


*  0  deg 
A  30  deg 

*  60  deg 


At,  psec 

Figure  5:  Extracted  bunch  longitudinal  phase  space 

The  extraction  path  provides  a  dispersion  free  extracted 
beam  from  any  orbit  after  the  2n<r  whose  bunches  are 
simultaneously  compressed.  A  three-magnet  chicane 
installed  at  return  path  (18)  shifts  the  extracted  bunch 
phase  by  15-60°  on  the  penultimate  orbit.  On  the  final  AS 
pass,  the  bunch  gets  an  additional  energy  spread  and  then, 
between  the  end  magnets,  it  is  deflected  by  ~5° 
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horizontally  by  an  extraction  magnet  (17),  so  that  it  enters 
end  magnet  M2  at  nearly  the  same  place  as  on  its  previous 
orbit.  The  bunch  emerges  at  -5°  to  the  structure  axis  and 
is  displaced  by  -33  mm.  After  quadrupole  focusing  the 
bunch  is  compressed  in  a  second  three-magnet  chicane 
(20).  Fig.  5  shows  the  exiting  longitudinal  bunch  phase 
space  for  three  phase  offsets. 

5  PARASITIC  PHENOMENA 

Our  high  charge,  short  bunches  and  high  pulsed  current 
have  never  been  obtained  in  a  classical  microtron  or  a 
RTM.  Thus  we  must  investigate  CSR  and  regenerative 
transverse  BBU,  which  can  limit  our  accelerated  bunch 
charge  and  pulsed  current.  CSR  forces,  which  can 
increase  the  longitudinal  and  bending  plane  emittance 
from  3  to  5  times  depending  on  the  bunch  length,  [1,8], 
can  be  suppressed  by  decreasing  the  vacuum  chamber 
height.  A  bunch  circulating  with  radius  R  between  two 
infinitely  conducting  plates  separated  by  a  distance  of  2 h 
radiates  CSR  power  depending  on  the  parameter 
Z=S/(2RAm),  where  A  =h/R  [9].  Reducing  h  causes  2=0.7 
to  reduce  the  radiated  CSR  power  by  a  factor  of  ten.  Since 
CSR  induced  emittance  growth  is  greatest  in  the  12th 
orbit,  the  emittance  growth  will  also  be  reduced  by  an 
order  of  magnitude  for  <SZ=0.5  mm,  R~ 25  cm,  and  h~ 3 
mm.  We  will  construct  our  vacuum  chamber  using  the  full 
3  cm  end  magnet  gap  height  into  which  we  will  place 
vertically  movable  plates  so  that  we  can  experimentally 
investigate  the  CSR  effects.  In  this  way  we  hope  to  find  a 
compromise  between  the  beam  losses  and  emittance 
growth. 


Table  4:  Main  AS  TMn-like  parasitic  modes 


N 

f  (MHz) 

Q 

r±  (MQ) 

Pol. 

Cell# 

1 

4862.16 

22,657 

1.25 

X 

1,3 

2 

4883.74 

13,602 

0.432 

Y 

1,3 

3 

4892.09 

10,861 

0.707 

Y 

2 

4 

4923.41 

19,667 

1.10 

X 

2 

Regenerative  transverse  BBU  has  only  been 
investigated  in  superconducting  CW  recirculating 
machines  [10].  With  our  high  pulsed  current,  we  can 
reach  the  BBU  threshold.  The  most  dangerous  RTM  AS 
parasitic  modes  are  TMn-like  and  listed  in  Table  4. 

The  worst  case  steady  state  threshold  BBU  current  is 
/,•/-'_£  =  4E7XJ\k  pN  ln(W/Wi)l 
where  r'±  is  transverse  shunt  impedance  per  unit  length,  Ez 
is  the  accelerating  field,  the  /3-function  is  taken  at  the 
structure  center,  and  Wi  and  We  are  injection  and 
extraction  energies  [11].  For  Ez  ~  1.6xl07  V/m,  A?  =  0.061 
m,  N  =  12,  (ft)  -3  m,  and  injection  and  extraction  energies 
of  5  and  35  MeV,  respectively,  /,  •  r'±  =  0.018  AxMQ/m. 
For  our  RTM  AS  the  maximum  r'±  is  -15  Mft/m  and  so  I, 
-1  mA.  However,  our  design  calls  for  115  mA  so 
transverse  BBU  is  important.  Our  computer  simulations 
with  both  steady  state  and  time  dependent  codes  predict 
an  I,  larger  by  an  order  of  magnitude  in  the  horizontal 


plane  and  by  two  orders  in  the  vertical  plane.  To  increase 
our  threshold  BBU  current  above  our  desired  1 15  mA,  we 
will  damp  the  parasitic  mode  Qs  by  coupling  them  to 
external  loads. 

6  CONCLUSION 

With  our  detailed  design  study  and  extensive  computer 
simulations  of  a  high  charge/bunch  low  emittance  35 
MeV  electron  source  now  complete,  we  are  preparing  to 
construct  a  prototype. 
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Abstract 

The  NSLS  X-Ray  Ring  is  now  being  operated  with  a 
low  emittance  lattice.  The  horizontal  emittance  was 
reduced  to  45  nm-rad  from  90  nm-rad  at  2.584  GeV 
while  maintaining  a  vertical  emittance  of  0.1  nm-rad. 
The  electron  beam  life-time  was  unaffected  by  the 
emittance  reduction  because  the  decrease  in  the 
dispersion  in  the  dipole  magnets  compensate  for  the 
higher  bunch  density  in  the  Touschek  effect.  The 
lattice  will  also  be  implemented  at  2.8  GeV  after  the 
strength  of  the  focusing  sextupoles  is  increased.  The 
effect  of  low  emittance  operation  on  the  synchrotron 
radiation  users  will  be  discussed. 

1  INTRODUCTION 

The  NSLS  X-Ray  Ring  has  normally  operated  in  a 
lattice  with  horizontal  and  vertical  tunes  of  9.14  and 
6.20,  respectively.  The  horizontal  and  vertical 
emittances  were  90  nm-rad  and  0.1  nm-rad.  In  the 
lattice  design,  the  dispersion  was  constrained  to  be 
zero  in  the  long  straight  sections.  By  relaxing  this 
constraint,  Safranek  previously  showed  fl]  that  the 
horizontal  emittance  could  be  reduced  to  as  little  as  21 
nm-rad  with  the  same  tunes  at  the  cost  of  an  excessive 
reduction  in  the  dynamic  aperture.  He  also  obtained 
another  lattice  with  a  38  nm-rad  horizontal  emittance 
and  a  dynamic  aperture  that  was  at  least  as  big  as  the 
physical  aperture  everywhere  in  the  ring.  Unfortunately, 
the  sextupole  strength  needed  to  correct  the 
chromaticity  of  the  38  nm-rad  lattice  was  greater  than 
could  be  supplied  by  the  existing  sextupole  magnets. 
Even  so,  a  50  mA  electron  beam  could  be  stored  before 
the  onset  of  the  head-tail  instability. 

To  obtain  a  lower  emittance  without  unreasonable 
increases  in  the  sextupole  strengths,  a  new  lattice  was 
developed  with  horizontal  and  vertical  tunes  of  9.83 
and  5.71,  respectively,  producing  a  horizontal 
emittance  of  45  nm-rad.  The  vertical  emittance  has 
remained  unchanged  at  0.1  nm-rad.  Operating  in  this 
lattice  required  changes  to  the  injection  conditions  and 
to  the  programs  that  are  followed  as  the  storage  ring 
energy  is  ramped  between  the  750  MeV  injection 
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energy  and  the  2.584  GeV  operating  energy.  Currents  as 
high  as  500  mA  have  been  stored  using  this  lattice  and 
350  mA  currents  have  been  routinely  stored  for 
synchrotron  radiation  operations  since  September, 
1998.  The  dramatic  decrease  in  the  beam  size  in  the 
low  emittance  lattice  is  apparent  from  the  digitized 
synchrotron  radiation  profiles  in  figure  1. 


Figure  1:  Digitized  synchrotron  radiation  profiles  in  the 
original  (left)  and  low  emittance  (right)  lattices.  The 
machine  functions  at  the  radiation  source  points  are: 
(old)  Px  =  1.31m,  [iy  =  12.2  m;  (new)  px  =  1.04  m, 
py  =  16.2  m. 


2  LATTICE 


The  emittance  Ex  of  a  storage  ring  is  [2] 


ex  = 


0  j(M'x2+2<xxrixrix  +  YxTll)ds 

CE2  d _ 

P  jds 


D 


(1) 


where  C  =  1.47x10'^  m/GeV^,  E  is  the  ring  energy, 
pis  the  dipole  magnet  bending  radius,  Px  is  the 
horizontal  beta  function,  r\x  is  the  horizontal 

dispersion,  ax=~P' /2,  yx  =  {\  +  a2)l  Px,  s  is  the 

longitudinal  position  around  the  ring,  and  the  integrals 
are  taken  over  all  of  the  dipole  magnets.  The  horizontal 
beam  size  at  any  point  in  the  ring  is 


ax(s)  =  ^xPx(s)+rlx(7E  ’  (2) 


where  Of?  is  the  energy  spread 
The  NSLS  X-Ray  Ring  was  designed  with  a  long 
straight  section  in  each  of  the  eight  super-periods  to 
provide  space  for  injection  components,  RF  cavities, 
wigglers  and  undulators  for  synchrotron  radiation 
production.  The  original  lattice  was  designed  with  zero 
dispersion  in  the  long  straight  sections  to  minimize  the 
beam  size  in  the  insertion  devices  by  eliminating  the 
second  term  in  eqn.  2  and  also  to  avoid  any  increase  in 
the  emittance  from  dispersion  in  the  dipole  field  of  a 
wiggler. 
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Figure  2.  Machine  functions  in  the  original  lattice. 


Figure  3.  Machine  functions  in  the  low  emittance 
lattice. 

The  properties  of  the  X-Ray  Ring  lattice  can  be 
varied  by  adjusting  the  strengths  of  the  four  quadrupole 
families.  Permitting  non-zero  dispersion  in  the  long 
straight  sections  was  found  to  reduce  the  emittance  by 
lowering  ijx  and  T]'x  in  the  dipole  magnets.  The 
reduction  in  emittance  more  than  compensated  for  the 
contribution  to  the  beam  size  from  straight  section 
dispersion.  The  presence  of  dispersion  in  the  wigglers 
located  in  the  long  straight  sections  did  increase  the 
emittance  somewhat  but  the  effect  was  small.  A 
calculation  shows  that  the  dispersion  in  the  4.7  T,  5 
pole  superconducting  wiggler  increases  the  emittance 
from  43.3  to  45.6  nm-rad.  Machine  functions  in  the 
original  and  low  emittance  lattices  are  shown  in  figures 
2  and  3.. 

To  increase  the  dynamic  aperture,  a  higher 
emittance  lattice  with  weaker  sextupoles  but  the  same 
tunes  as  the  low  emittance  lattice  is  used  for  injection 
at  750  MeV.  When  the  storage  ring  is  ramped  from  the 
injection  energy  to  the  2.584  GeV  operating  energy,  the 
lattice  remains  in  the  injection  configuration  until  the 
ring  energy  reaches  approximately  2.1  GeV.  Then,  the 
quadrupole  k  values  are  linearly  interpolated  from  the 


injection  values  to  the  low  emittance  values  as  the 
energy  is  increased  from  2.1  to  2.584  GeV. 

In  the  past,  there  has  been  a  significant  disagreement 
between  the  design  and  measured  optics  in  the  X-Ray 
Ring  [3].  The  discrepancy  is  mainly  caused  by  the 
gradient  errors  produced  by  an  orbit  displacement  in 
the  sextupoles.  The  orbit  error  can  not  be  easily 
corrected  because  the  synchrotron  radiation  beamlines 
have  been  aligned  to  the  displaced  orbit.  Instead,  trim 
power  supplies  were  connected  to  the  quadrupole  that 
is  adjacent  to  the  sextupoles  in  each  of  the  eight 
superperiods.  The  trim  current  was  determined  by  using 
the  LOCO  program  [3]  to  find  the  quadrupole  strengths 
that  best  restored  the  eight-fold  periodicity  of  the 
measured  orbit  response  matrix.  This  restored  the 
machine  functions  to  the  design  values. 

An  algorithm,  sigycor,  has  been  developed  to  correct 
the  coupling  of  the  horizontal  and  vertical  betatron 
motion  in  the  X-Ray  Ring  [4] .  The  algorithm  uses  the 
displacement  in  the  vertical  orbit  with  horizontal 
steering  magnet  field  as  a  measure  of  the  vertical 
coupling.  The  skew  quadrupoles  are  then  adjusted  to 
minimize  this  coupling.  The  horizontal  and  vertical 
tunes  were  also  varied  to  find  where  sigycor  was  most 
effective  at  minimizing  the  coupling.  Following  this 
procedure,  a  vertical  emittance  of  approximately 
0.1  nm-rad  was  achieved.  This  is  the  same  as  the 
vertical  emittance  obtained  with  the  original  optics. 

3  ELECTRON  BEAM  LIFE-TIME 

Two  phenomena  dominate  the  loss  of  electrons  from 
the  X-Ray  Ring:  the  Touschek  effect  and  scattering 
from  the  residual  gas.  The  Touschek  effect  describes 
the  loss  of  particles  from  the  ring  when  their  energy 
deviation  exceeds  the  energy  acceptance.  The 
Touschek  half-life  is  proportional  to  the  volume  of  the 
electron  bunch  [5].  Consequently,  an  emittance 
reduction  tends  to  decrease  the  Touschek  life-time. 
However,  the  energy  acceptance  of  the  ring  is 
determined  by  both  the  size  of  the  RF  bucket  and  the 
dispersion  of  the  lattice.  The  reduced  dispersion  and 
momentum  compaction  (=50%  lower)  of  the  low 
emittance  lattice  both  contribute  to  an  increase  in  the 
energy  acceptance  and  may  counteract  the  reduction  in 
the  bunch  volume. 

Particles  are  lost  to  gas  scattering  when  the 
transverse  or  longitudinal  momentum  imparted  to  an 
electron  by  an  interaction  with  a  residual  gas  molecule 
carries  the  electron  outside  of  the  transverse  or 
momentum  acceptance  of  the  ring  [6].  The  reduced 
dispersion  in  the  low  emittance  lattice  will  again  tend 
to  increase  the  gas  scattering  life-time  while  the  larger 
beta  function  in  the  quadrupole  triplet  will  tend  to 
decrease  it. 

Clearly,  the  competing  factors  that  influence  the 
Touschek  effect  and  residual  gas  scattering  make  the 
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life-time  of  the  low  emittance  lattice  hard  to  predict 
but  seem  to  counteract  each  other.  The  program  ZAP 
[7]  was  used  to  calculate  the  life-time  from  these 
effects  for  both  the  original  and  low  emittance  design 
lattices.  The  calculations  used  an  RF  overvoltage  of 
1.4  and  did  not  take  the  synchrotron  radiation  losses  in 
the  insertion  devices  into  account.  The  results  of  these 
calculations  are  plotted  as  a  function  of  beam  current 
in  figure  4.  Also  shown  are  measured  life-times  in  both 
lattices.  The  points  for  the  original  lattice  represent 
data  collected  during  six  days  in  July  and  August, 
1998.  The  low  emittance  results  were  obtained  during 
five  days  in  October,  1998.  The  ZAP  results  closely 
resemble  the  data.  The  life-time  in  the  low  emittance 
lattice  has  proven  to  be  slightly  greater  but  not 
appreciably  different  than  in  the  original. 


Beam  Current  (mA) 


Figure  4:  Measured  and  predicted  life-times  in  the  low 
emittance  and  original  lattices. 

4  EFFECT  ON  USERS 


Photon  Energy  (eV) 

Figure  5:  Photon  energy  spectra  from  the  XI  undulator 
in  the  original  and  low  emittance  lattices.  The  beam 
current  was  100  mA  in  both  lattices. 

5  CONCLUSIONS 

The  low  emittance  lattice  has  been  successfully 
implemented  in  the  NSLS  X-Ray  Ring  at  2.584  GeV. 
The  horizontal  emittance  was  reduced  to  46  from 
90  nm-rad  with  the  vertical  emittance  maintained  at 
0. 1  nm-rad.  Life-times  are  as  good,  or  better  than  in  the 
original  lattice.  The  lattice  will  also  be  implemented  at 
2.8  GeV  when  a  new  power  supply  and  cabling  are 
obtained  to  increase  the  current  in'  sextupole  magnets. 
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Most  users  are  concerned  only  with  the  total  flux  of  the 
synchrotron  radiation  and  have  not  noticed  any  adverse 
effects  from  the  low  emittance  lattice.  The  increase  in 
life-time  is  an  advantage  but  it  is  probably  too  small  to 
notice.  Certain  users  require  tightly  collimated  x-ray 
beams  and  are  more  concerned  with  the  brightness  of 
the  source  than  the  flux.  These  users  benefit  greatly 
from  the  reduced  emittance.  Figure  5  compares  energy 
spectra  of  the  radiation  produced  by  the  XI  undulator 
in  the  forward  direction.  The  two  spectra  were  obtained 
from  the  low  emittance  and  original  lattices  on 
successive  100  mA  fills  of  the  X-Ray  Ring.  The 
intensity  of  the  first  harmonic  peak  is  approximately 
four  times  greater  in  the  low  emittance  lattice. 
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Abstract 

The  beam  size  at  the  low  emittance  configuration  of 
the  Photon  Factory  was  measured  by  the  use  of  the 
SR  interferometer.  The  spatial  coherence  of  the 
visible  SR  beam  was  measured  for  both  of  the  vertical 
and  horizontal  directions  with  the  wavelengths  at 
500nm  and  633nm.  From  the  measured  spatial 
coherence  of  the  SR  beam,  the  beam  size 
measurements  of  87.3pm  in  the  vertical  and  261.2  pm 
in  the  horizontal  were  obtained.  The  observed 
horizontal  beam  size  agreed  with  the  designed  beam 
size. 


1.  INTRODUCTION 

The  SR  interferometer,  which  was  developed  by  one 
of  the  authors,  has  good  sensitivity  for  small  beams. 
Since  this  method  is  based  on  the  spatial  coherence  of 
th‘e  SR  beam,  it  is  suitable  for  measuring  small 
electron  beam  sizes[l],[2][3].  The  principle  of 
object-profile  measurement  by  means  of  the  spatial 
coherency  of  the  light  is  known  as  van  Citterut- 
Zemike’s  theorem[4].  In  this  time,  we  measured  both 
the  vertical  and  the  horizontal  beam  sizes  at  the  high 
brilliant  configuration  of  the  Photon  Factory.  In  the 
measurement  of  interferogram  as  a  function  of  spatial 
frequency  by  the  use  of  SR  interferometer,  we 
ordinary  use  the  method  which  is  scanning  the  double 
slit  separation.  In  other  hand,  we  can  measure  the 
spatial  coherence  by  using  the  method  which  is 
scanning  the  wavelength.  Using  these  two  method 
together,  we  can  measure  the  spatial  coherence  in 
wider  spatial  frequency  region.  In  this  time  we 
measured  the  spatial  coherence  with  different  two 
wavelengths  for  the  check  of  using  these  two  methods. 

2.  SPATIAL  COHERENCE  AND 
BEAM  SIZE 

According  to  van  Citterut-Zernike’s  theorem,  the 
profile  of  an  object  is  given  by  the  Fourier 
Transform  of  the  complex  degree  of  spatial 
coherence  at  longer  wavelengths  such  as  visible  light. 
Let  /  denote  the  beam  profile  as  a  function  of 
position  y0  ,  and  y  denote  the  complex  degree  of 
spatial  coherence  as  a  function  of  spatial  frequency  v. 
Then  yis  given  by  the  Fourier  transform  of  /  as 

Y(V)  =  ff  (y0)exp{-i27ru-  y0  }dy0  (1) 

follows; 

The  interferogram  which  is  observed  with  the  SR 
interferometer  (see  Fig.l,  below)  /  ( y, )  is  given  by. 
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where  a  denotes  the  half  of  slit  height  of  the  double 
slit  D,  denotes  the  double  slit  separation,  R,  denotes 
distance  between  the  interferogram  and  the  back 
principle  point  of  objective  lens  of  the  interferometer, 
and  ^denotes  the  phase  of  the  interference  fringe. 
The  spatial  frequency  t>is  given  by 

2  n 


v  =  - 


X  Rn 


-D 


(3) 


where  R0  is  distance  between  the  object  beam  and  the 
double  slit.  Two  methods  are  available  to  measure 
the  interferogram  as  a  function  of  the  spatial 
frequency,  one  is  scanning  double  slit  separation,  and 
other  is  scanning  the  wavelength.  Using  equation 
(2),  we  can  measure  the  degree  of  spatial  coherence 
from  the  interferogram.  Using  equation  (1),  we  can 
measure  the  beam  profile  by  Fourier  transform  of  the 
spatial  coherence,  and  under  the  assumption  of  a 
Gaussian  beam  profile,  we  can  measure  the  RMS 
beam  size  from  the  interferogram. 


3.  SR  INTERFEROMETER 

The  SR  interferometer  is  basically  a  wavefront- 
division-type  two-beam  interferometer  using 
polarized  quasi-monochromatic  rays.  A  schematic 
drawing  of  the  SR-interferometer  is  shown  in  Fig.l. 


The  double  slit  assembly  is  located  in  the  front  of  the 
objective  lens  as  close  as  possible(few  mm).  We  use 

an  aperture  of  l(width)  x  2(height)  mm^  for  the 
double  slit  assembly.  A  diffraction  limited  doublet 
lens  having  a  diameter  of  63mm  and  a  focusing 
length  of  f=600mm  was  used  as  an  objective.  A 
dichroic  sheet  polarization  filter  (  extinction  ratio: 
10’4)  and  a  band-pass  filter  of  lOnm  bandwidth  was 
used  to  obtain  a  polarized  quasi-monochromatic  ray. 
The  distance  between  source  point  and  double  slits 
of  the  SR  interferometer  is  9.03m. 
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4. VERTICAL  BEAM  SIZE  MEASUREMENT 

4-1.  Measurement  of  the  absolute  value  (visibility)  of 
the  complex  degree  of  spatial  coherence  in  the  vertical 
direction. 


vertical  position  (aib.u.) 

(a) 


vertical  position  (arb.u.) 

(b) 


vertical  position  (arb.u.) 
(C) 


vertical  position  (arb.u.) 

(d) 

Fig.  2.  Observed  vertical  interferograms.  (a)  D-lmm, 
Ap=500nm,  (b)  D=7mm,  X=633nm,  (c)  D= 12mm, 
X=500nm,  and  (d)  D=12mm  X=633nm. 


The  interferogram  was  measured  by  changing  the 
double  slit  separations  D  between  the  two  slits  from 
3mm  to  22mm  in  1.0mm  steps  at  the  two  wavelengths 
of  500nm  and  633nm.  Four  examples  of  observed 
interferograms  are  shown  in  Fig.2.  From  Fig.2,  we 
can  see  that  the  contrast  of  the  interference  fringe  is 
reduced  when  the  double-slit  separation  is  increased, 
due  to  the  finite  size  of  the  beam. 

4-2.  Evaluation  of  vertical  beam  size  from  spatial 
coherence  measurement. 

The  absolute  value  of  the  complex  degree  of  spatial 
coherence  is  evaluated  from  the  visibility  of  the 
observed  interferogram.  The  results  are  shown  in 
Fig.  3. 


2JtD  !XRn  (mm ' ') 

Fig.3.  Absolute  value  of  the  complex  degree  of  spatial 
coherence  in  the  vertical  direction.  The  round  spots 
denotes  the  spatial  coherence  measured  with 
>c=633nm,  and  the  triangular  spots  denotes  the 
spatial  coherence  measured  with  L- SOOnm 

From  Fig.3,  two  results  of  the  spatial  coherence 
measured  at  wavelengths  of  500nm  and  633nm  are 
agreed  each  other.  Least-squares  fitting  of  the 
spatial  coherence  by  using  a  Gaussian  beam  profile 
is  also  shown  in  Fig.3.  Since  the  result  of  fitting 
seems  very  good,  we  can  conclude  that  the 
approximation  of  Gaussian  profile  to  the  beam 
profile  is  good  enough.  We  can  evaluate  the  RMS 
beam  size  from  this  fitting,  and  the  result  of  the 
beam  size  is  87.3  ±0.4pm. 

5  .  HORIZONTAL  BEAM  SIZE 
MEASUREMENT 

5-1.  Measurement  of  the  absolute  value  ( visibility )  of 
complex  degree  of  spatial  coherence  in  the  horizontal 
direction 

The  absolute  value  of  the  complex  degree  of  spatial 
coherence  for  horizontal  direction  was  measured  in 
the  same  way  as  in  the  vertical  direction,  but  with 
the  double-slit  rotated  by  90°.  Four  examples  of 
observed  interferograms  are  shown  inFig.4. 
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horizontal  position  (arb.u.) 
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Fig.  4.  Observed  horizontal  interferograms.  (a) 
D=5mm,  k=500nm,  (b)  D=5mm,  A^=633nm,  (c) 
jD=7mm,  X^500nm,  and  (d)  D=7mm,  X=633nm. 

S-2.Result  of  Degree  of  Spatial  Coherence  and 
Horizontal  Beam  Size 

The  absolute  value  of  the  complex  degree  of 
coherence  is  evaluated  from  the  visibility  of  the 
measured  interferogram.  The  results  are  shown  in 
Fig.  5. 


2itD  /XR„  (mm ' ') 

Fig.5.  Absolute  value  of  the  complex  degree  of  spatial  coherence  in 
the  horizontal  direction.  The  round  spots  denotes  the  spatial 
coherence  measured  with  X=633nm,  and  the  triangular  spots 
denotes  the  spatial  coherence  measured  with  X^500nm 

From  Fig.5,  two  results  of  the  spatial  coherence 
measured  at  wavelengths  of  500nm  and  633nm  are 
agreed  each  other.  Least-squares  fitting  of  the 
spatial  coherence  by  using  a  gaussian  beam  profile 
including  field  depth  effect  is  also  shown  in  Fig.3. 
We  can  evaluate  the  RMS  beam  size  from  this  fitting, 
and  the  result  of  the  beam  size  is  261.2  ±  2.6pm. 

6.  CONCLUSIONS 

The  vertical  and  horizontal  beam  sizes  of  the  low 
emittance  configuration  of  the  Photon  Factory  were 
measured  via  SR  interferometer.  The  two  results  of 
the  spatial  coherence  measured  at  wavelengths  of 
500nm  and  633nm  are  agreed  each  other.  We 
conclude  the  vertical  beam  size  is  87.3pm  and  the 
horizontal  beam  size  is  261.2pm.  The  designed  beam 
sizes  are  263pm  (using  design  values  of  energy  spread 
and  measured  3  and  r|-functions)  in  the  horizontal 
and  110pm  in  the  vertical  (2%  coupling  is  assumed). 
The  observed  beam  size  in  the  horizontal  direction 
agreed  with  the  estimated  beam  size.  We  achieved 
designed  emittance  in  horizontal,  and  1.26% 
coupling. 
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Abstract 

Recently,  the  requests  for  single  bunch  operation  of  the 
Photon  Factory  2.5GeV  electron  storage  ring  (PF-ring) 
have  gradually  increased  and  the  requirements  for  the 
impurity,  that  is  the  rate  of  electrons  in  undesirable 
buckets  to  those  in  the  main  bunch,  becomes  severe.  A 
purification  method  making  use  of  the  current 
dependence  of  the  betatron  tune  has  been  applied  up  to 
present.  However,  after  the  reconstruction  of  the  PF-ring 
toward  low  emittance  optics[l],  it  requires  a  mastery  skill 
to  keep  an  impurity  better  than  10'5  and  moreover  the 
transversal  motion  of  the  main  bunch  excited  by  the 
method  could  affect  experiments  of  SR  users.  In  order  to 
overcome  the  situation  and  improve  the  purity,  a  new 
single-bunch  purification  method,  that  is  essentially  a 
"selective  RF  knock-out  (RFKO)",  has  been  developed. 
The  system  worked  stably  during  the  users  time  and  the 
typical  impurity  of  0.6x1  O'7  was  achieved.  Schematic 
description  of  the  selective  RFKO  is  shown  in  Fig.l,  and 
related  parameters  of  the  PF-ring  are  shown  in  Table.  1 . 

1  INTRODUCTION 

Single  bunch  purity  is  very  important  for  time  resolved 
experiments  such  as  Mossbauer  spectroscopy,  and  the 
required  impurity  must  be  better  than  lxl  O’6  -  10'7.  The 
typical  impurity  after  the  short  bunch  injection  stays  in 
the  order  of  10"3- 10-4;  consequently  we  must  purity  the 
spurious  bunches  in  some  method. 

A  transverse  coupling  impedance  causes  a  shift 
in  coherent  betatron  tune  with  the  increase  of  the  bunch 
current.  Because  the  measured  tune  shift  at  the  PF-ring 
was  about  -2xl04/mA,  an  RF  knock-out  (RFKO)  tuned  to 
the  betatron  frequency  of  the  weak  bunches  can  destroy 
the  undesirable  bunches  with  small  currents  but  the  main 
bunch  with  a  larger  current  survives[2,3].  The  frequency 
of  RFKO  and  the  aperture  of  a  vertical  scraper  were 
adjusted  preceded  the  users  time,  however,  in  some  cases, 
it  was  difficult  to  keep  the  impurity  better  than  10'5  and 
we  sometimes  must  re-configure  such  parameters.  The 
difficulty  is  apparent  after  the  reconstruction  of  the  PF- 
ring  because  the  non-linearity  of  the  restoring  forces 
becomes  strong.  Initial  bunch  current  for  SR  users  is 
about  60-70mA  and  the  corresponding  vertical  tune  shift 
is  about  10-  15kHz  while  the  spread  in  the  coherent  tune  is 
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larger  than  the  tune  shift.  Namely,  the  RFKO  signal 
affects  not  only  the  spurious  bunches  but  also  the  main 
bunch  itself. 

We  developed  a  new  purification  method  which 
is  very  simple  and  straightforward.  An  RFKO  signal  is 
modulated  by  a  rectangular  pulse  train  with  a  repetition  of 
the  revolution  frequency  of  the  beam.  Since  the  pulse 
train  has  gaps  with  a  width  of  the  bunch  spacing  (about 
2ns),  only  a  selected  bunch  passing  through  the  RFKO 
kicker  on  the  gap  timing  can  survive.  In  order  to  avoid 
effects  of  non-linearity  of  the  restoring  forces  acting  on 
the  beam,  the  excitation  frequency  is  frequency- 
modulated. 


Table  1 :  Main  parameters  of  PF  ring 


Parameters 

unit 

Energy 

2.5 

GeV 

RF  frequency 

500.1 

MHz 

momentum  compaction 

0.061 

harmonic  number 

312 

emittance 

36 

nm  rad 

synchrotron  frequency 

23 

kHz 

betatron  tune  (vx/vy) 

9.62/4.29 

RF  voltage 

1.7 

MV 

Radiation  loss 

400 

keV 

2  STSTEM  DESCRIPTION 

Figure  2  shows  a  block  diagram  of  the  system.  A  signal 
generator  (MARCONI  Inst.,  2023)  generates  sinusoidal 
wave  tuned  to  the  vertical  betatron  resonant  frequency, 
namely,  14xfrev+fpy  s  22MHz.  Frequency  modulation 
(maximum  frequency  deviation~100kHz,  modulation 


Figure  1:  Schematic  description  of  selective  RFKO. 
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Figure  2:  Block  diagram  of  the  system 


frequency  ~4Hz)  is  applied  in  order  to  avoid  effects  due  A  measurement  of  the  bunch  population  is 

to  non-linearity  of  the  restoring  forces  acting  on  the  beam.  performed  with  a  photon  counting  method  using  a  PIN 

A  double  balanced  mixer  (DBM)  is  used  to  turn  the  KO  photodiode  which  has  high  sensitivity  in  X-ray  region  [5- 

signal  off  during  the  period  (~4ns)  of  passage  of  the  main  7].  Figure  4  shows  an  example  of  photon  counting 

bunch.  We  tested  several  DBMs  of  several  models  in  measurement.  The  abscissa  shows  the  time  and  the 

order  to  select  a  DBM  which  has  excellent  isolation  ordinate  shows  the  counts  of  channels  of  MCA.  Several 


between  RF  and  LO  port.  The  pulse  generator  HP8131A 
has  a  rise/fall  time  faster  then  the  bunch  spacing  of  2ns, 
and1  an  amplitude  high  enough  to  switch  the  DBM.  The 
rise  time  of  the  pulse  generator  is  faster  than  200ps  and 
the  minimum  pulse  width  is  about  500ps  with  the 
amplitude  of  ±5V.  A  timing  signal  synchronized  to  the 
bunch  revolution  generated  by  dividing  the  RF 
acceleration  signal  by  312  (harmonic  number)  is  used  as 
the  trigger  of  the  pulse  generator. 

The  output  of  the  DBM  is  splitted  by  a  180° 
power  splitter  (mimi-curcuits),  and  splitted  again  with  0° 
power  splitters  in  order  to  produce  the  signal  which  kick 
the  beam  only  in  vertical  direction.  The  wide-band  signal 
processing  is  required  to  maintain  the  fast  rise  time  of  the 
signal. 

Power  amplifiers  (R&K  A250-200-R)  were 
previously  used  for  the  bunch-by-bunch  feedback  system 
during  the  high  beam  current  study  at  the  TRISTAN 
Accumulation  Ring[4],  Its  bandwidth  and  maximum 
power  of  20-250MHz  and  200W,  respectively,  are 
sufficient  for  our  single  bunch  purification  system.  Four 
power  amplifiers  are  connected  to  stripline  electrodes  of 
the  transverse  kicker.  The  output  signals  of  the  kicker 
electrodes  are  fed  to  the  outside  of  the  storage  ring  and 
used  to  adjust  the  timing  of  the  pulse  generator  by 
observing  the  beam-induced  signal  and  the  RFKO  signal 
simultaneously. 

3  RESULTS 

Figure  3  shows  signals  from  button-type  electrode  when 
successive  three  bunches  are  injected  (top)  and  removed 
except  for  the  central  bunch  with  the  selective  RFKO 
system  (bottom).  The  pulse  width  was  set  to  about  4ns 
and  the  opening  of  the  vertical  scraper  was  7mm  away 
from  the  centre  of  the  beam. 


spurious  bunches  are  recognizable  in  every  2ns  before  the 
purification(top).  It  is  clearly  seen  that  the  spurious 
bunches  are  removed  with  the  purification  procedure.  The 
measured  impurity  of  the  1st  bunch  (2ns  behind  the  main 
bunch)  was  8.3x10s  and  5.6xl07  before  and  after  the 
purification,  respectively.  It  took  about  300  seconds  to 
measure  the  impurity. 


2ns/div 

200mV/div 


Figure  3:  Successive  three  bunches  are  injected 
(top)  and  knocked-out  except  for  the  central 
bunch  (bottom).  (2ns/div,  200mV/div) 
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Time[ns] 


Figure  2:  Bunch  population  measured  with  photon 
counting  method  before  (top)  and  after  (bottom) 
purification. 


TtfMtltt) 


Figure  3:  Typical  impurity  measurement  during 
users  time  (courtesy  of  S.  Kishimoto). 

tune  the  system  and  to  measure  the  impurity  for  every 
injection. 


The  rise  time  of  the  RFKO  signal  is  fast  enough, 
however,  there  are  some  ringing  lasted  for  several  nano 
seconds  which  can  affect  the  main  bunch.  We  decided  the 
procedure  of  single  bunch  purification  as  shown  below: 

•  Inject  short  bunches  (about  70mA) 

•  Accelerates  up  to  3GeV  to  improve  lifetime 

•  Increase  H-V  coupling  to  improve  lifetime 

•  Remove  leading  bunches  proceed  the  main  bunch 
(for  about  5sec) 

•  Remove  trailing  bunches  after  the  main  bunch  (all 
time ) 

During  the  users  time,  we  applied  the 
purification  system  all  the  time  because  the  impurity 
grows  gradually  without  the  purification.  Some  electrons 
thrown  out  from  the  main  bunch  are  captured  into  the 
trailing  buckets  because  there  are  openings  of  the 
separatrix  due  to  the  synchrotron  radiation[8].  For 
example,  an  impurity  of  4.6xl0'5  was  measured  one  hour 
after  the  stop  of  purification.  Because  there  are  no 
apertures  toward  the  foregoing  buckets,  the  purification 
of  them  are  performed  only  once  after  injection.  The 
vertical  scraper  is  not  used  in  the  routine  operation 
because  we  could  accomplish  the  enough  impurity 
without  it. 

A  typical  result  impurity  measurement  during 
the  users  time  is  shown  in  Fig.5.  In  this  case,  the  impurity 
is  better  then  10‘7  behind  the  main  bunch.  There  is  a  small 
bunch  before  the  main  bunch,  however,  can  be  overcome 
by  optimising  the  purification  procedure. 

The  pulse  generator  and  signal  generator  are 
remotely  controlled  by  GPIB  via  LAN-HPIB  gateway. 
HP-VEE  is  used  for  an  operator  interface  for  its  easy  and 
rapid  development  environment.  It  was  not  necessary  to 


4  SUMMARY 

We  installed  a  new  single  bunch  purification  system  at 
Photon  Factory.  An  impurity  of  2xl0f’~0.6xl07  was 
achieved  during  users  time.  The  system  works  reliably 
and  it  becomes  to  an  indispensable  tool  for  single  bunch 
operation.  Several  parameters  (ex.  FM  modulation  index, 
carrier  frequency,  clearing  procedure)  are  not  optimised 
yet.  The  impurity  might  be  improved  with  the 
optimisation.  We  are  installing  the  same  system  on  the 
PF-AR  (PF  Advanced  Ring). 

The  authors  express  their  sincere  thanks  to  Dr. 
S.Kishimoto  for  his  great  contribution  for  the  X-ray 
photon  counting  system,  and  to  Dr.  Tobiyama  who  kindly 
provided  the  power  amplifiers. 
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Abstract 

The  present  performance  and  upgrade  projects  of  the 
ELETTRA  light  source  are  presented. 

1  INTRODUCTION 

The  2  GeV  third  generation  light  source  ELETTRA  has 
now  completed  more  than  5  years  of  operation  since  the 
start  of  commissioning  (October  ’93).  ELETTRA 
currently  operates  for  a  relatively  large  number  of  hours 
per  year,  and  with  good  efficiency.  Far  from  being  in  a 
static  operations  phase  however,  a  great  deal  of 
investment  is  being  placed  in  the  future  growth  and 
improvement  of  the  facility  including  the  construction  of 
a  number  of  new  beamlines  and  insertion  devices  and  a 
number  of  important  machine  development  projects  [1].  A 
major  upgrade  of  the  injection  system  is  also  under 
consideration. 

2  STATUS  AND  ONGOING 
DEVELOPMENTS 

2.1  Operations 

At  the  end  of  1998  ELETTRA  completed  five  years  of 
operation  for  Users.  Over  this  period  the  facility  operated 
for  more  than  27,000  hours  of  which  more  than  20,000 
were  dedicated  to  User  experiments.  1998  concluded  with 
a  User  uptime  of  92.6%  (93.6%  excluding  storms) 
bringing  the  overall  five  year  up  time  to  93%.  Last  year 
the  facility  operated  for  the  greatest  number  of  hours,  a 
total  of  6528  of  which  5256  were  dedicated  to  User 
operation.  The  scheduled  operations  calendar  for  1999  is 
less  dense  (6192  hours)  and  reflects  the  large  number  of 
installations  to  be  performed  on  the  machine.  The  more 
frequent  shutdowns  will  be  used  for  the  installation  of 
new  front  ends,  vacuum  chambers  and  insertion  devices 
for  new  beamlines  and  for  strategic  upgrades  to  improve 
the  performance  of  the  accelerator.  By  the  end  of  1999 
there  will  be  18  operational  insertion  device  sections 
occupying  eight  of  the  eleven  available  straight  sections. 
To  date  ELETTRA  has  eight  beamlines  fully  operational, 
three  are  being  commissioned  of  which  one  is  fed  by  a 
bending  magnet  source.  Eight  additional  beamlines  are 
under  construction  of  which  four  are  bending  magnet 
sources. 

The  accelerator  which  is  normally  run  at  2.0  GeV  is 
scheduled  to  operate  at  2.4  GeV  for  23%  of  its  time 


during  the  first  semester  of  1999.  At  this  higher  energy 
the  current  is  limited  to  120  mA  to  contain  the  thermal 
load  on  the  vacuum  chamber  at  acceptable  values.  The 
lifetime,  strongly  limited  by  the  Touschek  effect  at  the 
lower  energies,  is  52  hours  at  100  mA  compared  to  32  at 
the  same  current  at  2.0  GeV.  ELETTRA  is  able  to  provide 
a  maximum  beam  energy  of  2.5  GeV. 

2.2  Insertion  Devices 

The  increased  demand  of  the  User  community  to  have 
polarised  radiation  from  insertion  devices  is  being 
satisfied  by  the  construction  of  new  APPLE  type 
undulators  having  four  arrays  of  permanent  magnets 
(NdFeB)  [2]  .By  the  end  of  November  this  year  four  of  six 
planned  undulators  will  be  installed  in  the  storage  ring. 
Two  of  these  with  periods  of  60  and  125  mm  will  be 
installed  in  one  straight  section  separated  by  a  chicane 
magnet,  which  enables  two  experimental  stations  to  be 
operated  simultaneously.  The  undulators  of  length  about 
2.2m  are  separated  by  a  small  dipole  magnet  that  will 
provide  a  2  mrad  separation  of  the  two  photon  beams. 

One  device  has  already  been  assembled  and  shows  good 
agreement  between  measured  field  distributions  and 
model  calculations  [3].  Traditional  shimming  techniques 
are  not  applicable  in  the  elliptical  undulator  configuration 
and  so  new  methods  have  had  to  be  developed.  Vertical 
block  displacements  were  used  to  correct  a  phase 
independent  quadrupole  error.  The  optical  phase  error  is  a 
function  of  the  field  polarisation,  but  has  been  able  to  be 
compensated  by  groups  of  shims  on  two  consecutive 
horizontally  magnetized  blocks.  End  coils  will 
compensate  residual  gap  and  phase  dependent  first  and 
second  field  integrals. 

In  addition  to  the  above  mentioned  undulators  a  wiggler 
has  been  approved  and  is  under  study  for  a  second 
crystallography  beamline.  The  main  characteristics  that 
are  currently  being  studied  are  the  length  of  the  sections 
and  end  terminations  that  allow  a  better  correction  of  field 
integrals. 

Progress  is  being  made  with  the  compensation  of  residual 
closed  orbit  distortions  of  the  electromagnetic  elliptical 
wiggler  (EEW)  [4].  A  dedicated  digital  feed-forward 
system  compensates  for  the  residual  magnetic  field  errors 
by  correcting  the  beam  orbit  with  four  coils  (two  per 
plane)  powered  by  four  independent  power  supplies.  It  is 
based  on  a  DSP  (Digital  Signal  Processor)  system  with 
A/D  and  D/A  converters.  The  system  samples  the 
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horizontal  and  vertical  currents  provided  by  the  EEW 
power  supplies  and  computes  the  four  correction  currents. 
At  present  the  computation  is  based  on  a  pre-calibrated 
look-up  table  which  minimizes  the  residual  beam  orbit 
distortion.  The  programmability  of  the  DSP  allows, 
however,  to  implement  more  sophisticated  correction 
techniques. 

2.3  New  Vacuum  Chambers 

The  installation  of  new  insertion  devices  (ID’s)  providing 
horizontal,  circular  and  vertical  polarised  synchrotron 
radiation  has  called  for  the  development  of  new  bending 
magnet  vacuum  chambers  to  account  for  the  increased 
thermal  load  on  the  radiation  slot.  The  chambers  made  of 
aluminium  alloy  AlMg-Mn  (Peraluman)  have  high 
thermal  conductivity  and  are  greatly  simplified  compared 
to  the  original  stainless  steel  types.  The  main  differences 
being  the  absence  of  an  internal  NEG  strip,  and  the 
removal  of  the  photon  beam  stopper  away  from  the 
chamber  body.  This  has  allowed  a  more  compact  form 
and  minimised  chamber  deformation  in  addition  to  easing 
upgrades  of  the  photon  beam  shutter  whenever  higher 
power  densities  are  encountered  from  new  insertion 
devices.  The  body  has  been  constructed  from  two  welded 
machined  halves  with  an  internal  surface  roughness  of  0.2 
pm.  Both  Conflat  and  the  rhomboidal  VAT  anticorodal 
flanges  use  diamond  edged  gaskets  for  aluminium  to 
stainless  steel  connections. 

In  addition  to  the  bending  magnet  chambers,  extruded 
aluminium  vacuum  vessels  are  now  being  adopted  for  all 
future  and  some  existing  insertion  devices.  These  ID 
chambers  are  pump-free  with  an  elliptical  cross-section 
that  has  a  minimum  internal  aperture  of  14  mm  and  an 
external  dimension  of  17  mm.  These  economical 
chambers  are  easy  to  manufacture  and  have  cooling 
channels  on  either  side.  The  same  technique  is  also  being 
adopted  for  those  parts  of  the  machine  having  a 
rhomboidal  cross-section.  In  this  case  the  extrusion  is 
machined  to  the  final  exterior  cross-section  including 
cooling  channels.  Tapers  to  small  aperture  cross-sections, 
placed  beneath  lumped  corrector  magnets,  are  still  made 
of  stainless  steel  to  reduce  eddy  current  effects  during 
operation  of  fast  orbit  feedbacks. 

The  first  set  of  chambers  (for  bending  magnet  and 
insertion  device)  was  installed  in  October  last  year. 

2.4  SR-FEL  Project 

A  storage  ring  FEL  project  was  initiated  in  May  1998 
under  partial  EC  funding  together  with  other  European 
partners  (CEA/LURE,  CLRC-Daresbury,  Univ. 
Dortmund,  ENEA-Frascati  and  MAX-lab)  [5],  All  major 
equipment  items  are  now  under  construction  and  are  due 
for  installation  between  August  and  October.  First  lasing 
attempts  will  be  made  towards  the  end  of  this  year  at  350 
nm  before  proceeding  towards  shorter  wavelengths  (•  200 
nm).  Recent  tests  of  ELETTRA  performance  in  FEL 


mode  (1  GeV,  4-bunches)  have  given  encouraging  results 
that  stable  operation  with  100  mA  total  current  can  be 
achieved  with  of  the  order  200  A  peak  current. 

2.5  New  Diagnostics 

A  new  electron  Beam  Position  Monitor  (BPM)  is 
presently  under  advanced  design  for  the  storage  ring.  The 
purpose  of  this  system  is  to  provide  ultra-stable,  at  the  pm 
level,  position  signals  for  a  Local  Feedback  processor. 
The  BPM  has  been  designed  for  the  low  gap  aluminium 
chambers  mentioned  above.  In  order  to  achieve  the 
expected  performance,  two  main  developments  have  been 
undertaken:  a  mechanical  design  of  a  low  gap  BPM  fitted 
with  14mm  diameter  buttons  along  with  the  relative 
support  system  and  vacuum  chamber  interface  and  an 
electronic  design  that  includes  a  new  analogue  front-end 
and  a  digital  amplitude  demodulator. 

For  maximum  sensitivity  in  the  vertical  plane  the  buttons 
have  been  located  close  together  with  only  12mm  center- 
to-center  distance  in  the  horizontal  plane.  Two  bellows, 
either  side  of  the  BPM  body,  will  isolate  mechanical 
movement  transmitted  by  the  vacuum  chamber.  The 
support  system  will  provide  state-of-the-art  short-term 
(vibrations)  and  long-term  (thermal)  stability  to  the 
monitor.  Furthermore  a  monitoring  of  BPM  motion  at  the 
sub-pm  level  will  be  installed.  Two  such  systems  are 
presently  under  evaluation,  one  based  on  an  opto¬ 
electronic  micrometer,  the  second  based  on  capacitive 
sensors. 

The  electronics  of  the  BPM  system  is  composed  of  the 
following  blocks:  an  analog  front-end,  a  digital  receiver 
(AM  demodulator)  and  a  DSP  processor.  The  main 
function  of  the  front-end  is  to  provide  high-stability  and 
resolution  for  the  button  signals  with  sufficient  bandwidth 
for  the  Local  Feedback  to  operate  properly.  Two  front- 
end  solutions  are  presently  being  designed:  a  4-channel 
front-end,  developed  in  collaboration  with  the  Swiss  Light 
Source,  and  a  4-to-l  multiplexed  front-end,  being 
developed  in-house.  In  order  to  keep  the  gains  matched 
on  the  four  channels,  a  pilot  frequency  signal  will  be 
injected  at  the  front-end  inputs  and  the  amplitudes  of  the 
four  outputs  will  be  kept  equal  by  tuning  each  channel 
gain.  The  digital  receiver  block  will  provide  x  &  y 
position  signals  by  means  of  a  state-of-the-art  Digital 
Demodulator  (Digital  Down-Converter).  Finally  a  DSP 
module  will  manage  the  data  stream  and  provide  filtered 
values  to  the  central  processor  of  the  Local  Feedback. 

The  BPM’s  will  be  installed  in  an  ID  straight  of  an 
existing  beamline  this  summer.  First  tests  with  the  new 
electronics  are  expected  towards  the  end  of  the  year. 

In  addition  to  new  electron  BPM’s  a  new  type  of  photon 
BPM  is  under  development.  This  diagnostic  is  based  on 
the  energy  analysis  of  emitted  photo-electrons  when  an 
undulator  photon  beam  strikes  a  blade.  A  prototype 
system  based  on  two  blades  and  hemispherical  energy 
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analysers  will  be  installed  on  a  beamline  at  the  end  of  this 
year  [6], 

A  recently  installed  dual-sweep  streak  camera 
manufactured  by  Photonetics  has  been  added  to  the 
arsenal  of  beam  diagnostics.  The  device  can  operate  in  a 
syncroscan  mode  at  250  MHz,  thereby  allowing  the 
observation  of  consecutive  bunches  spaced  2ns  apart. 

2.6  Third  Harmonic  Cavity 

Progress  has  been  made  with  the  design  of  a  third 
harmonic  cavity  to  enhance  beam  lifetime.  The  decision 
to  adopt  a  single  super-conducting  cavity  has  been  taken, 
but  the  decision  to  go  ahead  awaits  a  final  budgetary 
quotation  and  its  approval.  The  structure  of  the  cavity  is  a 
scaled  version  of  the  Soleil  double  cell  system.  It  will 
operate  at  1.5  GHz  and  the  flange  to  flange  length  of  the 
cryostat  is  approximately  1.1m.  The  cavity  is  idle  and  will 
provide  a  maximum  voltage  of  600  kV.  Beam  energy 
losses  of  a  few  Watts  are  easily  replaced  by  the  500  MHz 
rf  system.  Taking  into  account  static  losses  plus  a  safety 
margin  a  refrigerator  of  40  W  will  be  sufficient.  The 
construction  will  be  outsourced  and  a  possible  installation 
date  is  mid  2001.  The  improvement  to  the  Touschek 
lifetime  is  of  the  order  of  a  factor  3  to  3.5  at  2.0  GeV  and 
2  to  2.5  at  2.5  GeV. 

2.7  Transverse  Multibunch  Feedback 

A  transverse  multi-bunch  feedback  (one  BPM  and  one 
kicker/plane)  consisting  of  a  wide-band  bunch-by-bunch 
system  is  nearing  completion  [7].  The  positions  of  the  432 
bunches,  separated  by  2  ns,  will  be  individually  sampled 
and  corrected.  A  prototype  RF  front-end  module  has  been 
installed.  The  data  is  processed  by  digital  electronics. 
Extensive  filter  simulations  have  been  performed  in  a 
Matlab  environment.  Installation  and  first  commissioning 
of  the  system  is  foreseen  for  the  end  of  this  year. 

3  DEVELOPMENT  PLANS 

3.1  Short  Insertion  Devices 

The  beamline  construction  plan  has  already  allocated  ten 
insertion  devices  to  the  eleven  possible  long  straight 
sections  and  the  last  remaining  section  will  be  allocated 
within  the  year.  Attention  is  now  turning  therefore  to  the 
two  short  (1.2- 1.5  m)  sections  in  each  achromat  of  the 
expanded  Chasman-Green  structure.  Much  of  this  space 
has  already  been  put  to  good  use  by  placing  diagnostics 
and  the  rf  cavities  there,  however  even  without  moving 
existing  diagnostics  nine  locations  are  available. 

Machine  operation  with  such  devices  has  been  studied 
and  appears  to  be  possible,  with  certain  restrictions.  Beam 
sizes  and  divergences  are  larger  than  for  standard  IDs  and 
there  is  a  greater  sensitivity  to  energy  spread  variations. 
Linear  optics  effects  on  tunes,  beta  functions  and 
dispersion  are  acceptable  provided  many  high  field 
devices  are  not  installed.  No  further  deterioration  in 


dynamic  aperture  is  expected  above  that  introduced  by  the 
existing  devices.  Effects  on  emittance  are  not  great,  but 
may  limit  the  field  of  any  high  field  tuneable  devices  to 
prevent  intensity  fluctuations  on  other  beamlines.  Flux 
and  brightness  calculations  for  representative  devices 
indicate  20  times  better  flux  from  a  wiggler  and  200  to 
300  times  more  brightness  from  an  undulator  compared  to 
the  bending  magnet  sources 

In  view  of  the  strong  interest  in  such  sources  a  first 
bending  magnet  chamber  is  being  constructed  to  allow  the 
extraction  of  radiation  at  both  0°  (ID)  and  3.45°  (bending 
magnet).  This  chamber  will  be  in  aluminium  and  is 
planned  for  installation  in  September.  The  ID  itself  is 
under  study.  With  minor  modifications  a  standard  bending 
magnet  front  end  will  be  adopted. 

3.2  A  New  Injector 

A  decision  has  been  taken  to  concentrate  on  a  booster 
synchrotron  as  a  possible  new  full-energy  injector  for 
ELETTRA.  A  design  study  is  being  carried  out  to  be 
completed  by  the  end  of  the  year.  The  new  injector  would 
use  a  100  MeV  linac  as  a  pre-injector.  The  2.5  GeV 
booster  placed  on  the  inner  side  of  the  storage  ring 
building  can  be  constructed  without  major  interference  to 
the  operation  of  the  light  source,  up  to  the  moment  of 
connection.  Studies  are  being  performed  to  find  the 
optimum  lattice  in  terms  of  construction  costs  bearing  in 
mind  the  requirement  for  top-up  injection.  An  upgrade 
will  also  be  performed  of  the  storage  ring  injection 
elements.  Use  will  be  made  as  much  as  possible  of 
existing  equipment,  for  example  the  transfer  line  and  parts 
of  the  existing  linac. 
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Abstract 

Gas  injection  experiments  have  been  performed  to  gain  a 
better  understanding  of  the  effect  of  local  vacuum 
conditions  on  beam  lifetime  and  gas  Bremsstrahlung. 
Various  gases  (H2,  N2,  Ar)  were  injected  up  to  a  pressure 
of  5e-6  mbar  into  the  storage  ring  during  machine 
operations,  with  various  currents,  energies,  ID  gaps  and 
machine  fillings.  Results  of  lifetime  and  gamma  dose  rate 
measurements  at  different  pressure  conditions  are  presented 
and  discussed. 


1  LIFETIME  DUE  TO  GAS  DENSITY 

The  vacuum  system  of  the  ELETTRA  storage  ring  has 
been  designed  to  guarantee  long  lifetimes  of  stored  beams 
i.e.  at  least  ten  hours  with  300mA  at  2  GeV.  The  total 
lifetime  in  an  electron  storage  ring  is  mainly  determined 
by:  i)  elastic  and  inelastic  scattering  on  the  residual  gas 
molecules,  ii)  Touschek  effect,  i.e.  scattering  of  electrons 
within  the  bunch,  iii)  trapping  of  charged  particles  in  the 
beam  potential  and  iv)  quantum  lifetime.  In  the 
ELETTRA  synchrotron  light  source  the  total  lifetime  is 
Touschek  dominated.  For  our  purposes,  the  machine 
setting  parameters,  e.g.  RF  cavities  temperatures,  machine 
files,  etc.  are  considered  implicitly  as  constant  parameters 
and  are  omitted  in  this  work,  as  well  as  quantum  effects 
which  are  only  important  for  machines  with  extremely 
small  apertures. 

In  this  paper,  we  focus  on  lifetime  measurements  under 
different  vacuum,  conditions.  The  higher  the  operating 
pressures  the  larger  the  cross  sections  of  both  the  elastic 
and  inelastic  scattering  and  the  probability  of  ion  trapping 
can  also  increase  in  the  presence  of  higher  ion  masses  in 
the  vacuum  chamber. 

The  elastic  scattering  lifetime  xel  is  usually  expressed  as: 
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where  E  is  the  beam  energy,  P  is  the  pressure  of  a  gas 
with  atomic  number  Z  around  the  ring,  <px,y>  the 
average  ^-functions  around  the  ring  and  A(x  y)0  the  limiting 
transverse  half  apertures. 
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The  gas  pressure  varies  with  the  total  beam  current  It  due 
to  desorption  effects  as: 

„  dP 

<  P  >=<  p  >  +  < - >  Jt  (2) 
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where  <dP/dIt>  is  the  average  gas  desorption  coefficient. 

The  inelastic  beam-residual  gas  encounters  give  rise  to 
Bremsstrahlung  gamma  rays  causing  a  pressure  dependent 
beam  loss  and  the  lifetime  can  be  evaluated  [2]  by: 
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where  c  is  the  relativistic  electron  velocity  and  W  is  the 
probability  of  the  electron  being  lost  from  the  machine 
per  radiation  length  X  traversing  a  material  with  density 
pj.  Both  the  radiation  length  as  well  as  the  material 
density  can  be  expressed  using  the  atomic  weight  A,  the 
atomic  number  Z  and  the  molecular  partial  pressures  Pj  of 
the  gas  present  in  the  vacuum  chamber.  The  gas 
composition  used  to  be  represented  by  a  hypothetical 
monatomic  gas  with  Z  =  4  to  5.  As  can  be  seen,  to 
calculate  the  beam  lifetime  due  to  the  gas  density,  the 
average  values  of  pressures,  atomic  numbers,  etc.  are  used 
to  characterize  the  vacuum  conditions  in  the  chamber. 
However,  the  storage  ring  vacuum  system  is  equipped 
with  pumps  located  at  a  regular  distance  from  each  other 
and  the  pressure  presents  a  parabolic  distribution  with 
minima  at  the  pump  location  and  the  term  average 
pressure  is  only  used  to  evaluate  the  pressure  between 
these  two  extremes.  From  the  vacuum  point  of  view,  the 
operating  pressure  P  in  the  ring  is  given  by: 


S 


where  Qj  is  the  total  gas  load  which  is  the  sum  of  gas 
loads  due  to  leakage  (Ql)>  out-gassing  (Qd)>  permeation 
(Qp)  and  induced  desorption  (Qj).  The  pumping  speed  S  is 
a  dynamic  parameter  which  varies  with  pressure.  Towards 
lower  pressures  the  pumping  speed  exponentially 
diminishes  in  time  and  the  real,  or  so  called  "effective" 
pumping  speed  (assuming  the  proper  conductance  of  the 
pump’s  connection  to  the  vacuum  chamber)  Sef  has  to  be 
taken  into  account  [3].  All  these  vacuum  parameters 
determining  the  operating  pressure  in  the  ring  are  strictly 
local  values.  The  thermal  and  induced  desorption  as  well 
as  the  permeation  depends  on  the  local  degree  of 
cleanliness  and  on  the  material  quality  of  the  vacuum 
chamber  walls.  If  the  storage  ring  is  not  perfectly  tight  the 
gas  load  from  leakage  is  also  rigorously  localized. 
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The  pressure  in  the  ELETTRA  storage  ring  is  monitored 
by  means  of  sputter-ion  pump  (SIPs)  pressure  readings 
[4].  In  each  of  the  40  m  long  vacuum  sectors,  25  SIPs  are 
installed.  Pressure  profiles  in  all  six  vacuum  sectors  are 
displayed  on  the  vacuum  panels  in  the  control  room. 
From  the  pressure  values  Pj  (N  (=150)  is  the  total  number 
of  pumps)  the  average  pressure  is  calculated  as: 

N 

<P>=1P./N  w 

;=i  ' 

Equation  5  is  only  an  approximation  and  does  not  always 
reflect  accurately  the  real  vacuum  conditions  and  to  some 
extent  the  observed  lifetime  behavior.  For  example,  in  the 
case  of  a  vacuum  leak,  a  local  pressure  exceeding  the 
normal  operating  pressure  level  by  2  to  3  orders  of 
magnitude  can  be  produced.  In  such  cases  a  lifetime 
decrease  is  usually  noticeable  (a  variation  of  about  30% 
less  in  most  cases).  However,  the  average  pressure  given 
from  eq.  5  is  affected  only  slightly  and  does  not  appear  to 
fully  explain  the  observed  lifetime.  To  understand  better 
the  role  of  local  pressure  on  the  beam  lifetime  due  to  gas 
density  the  following  experimental  apparatus  has  therefore 
been  installed  in  the  ELETTRA. 


2  EXPERIMENTAL  APPARATUS 


The  drawing  of  the  gas  injection  system  allowing  a  local 
pressure  increase  in  the  storage  ring  is  shown  in  fig.  1 : 
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Fig.  2  -  Pressure  bumps  created  by  nitrogen  injection 

3  RESULTS  AND  DISCUSSION 


Fig.  1  -  Experimental  arrangement  allowing  gas  injection 
into  the  ELETTRA  storage  ring 

It  is  possible  to  inject  through  the  dosing  valve 
different  gases  (H2,  N2,  Ar)  into  the  insertion  device 
vacuum  chamber  ID_S3  and  to  create  a  local  "pressure 
bump”  up  to  8e-6  mbar.  In  Fig.  2  many  such  bumps  are 
shown  obtained  by  regulating  the  gas  flow.  The  average 
pressure  values  monitored  during  all  the  described 
experiments  never  exceeded  6e-9  mbar. 


Fig.  3  -  Total  lifetime  decrease  caused  by  local  dynamic 
pressure  increase 

Fig.  3  clearly  shows  that  in  the  case  of  Ar,  a  minimum 
local  pressure  increase  leads  to  an  immediate  lifetime 
reduction.  This  effect  is  less  pronounced  injecting  nitrogen 
but  at  dynamic  pressures  higher  than  le-10  mbar/mA  the 
lifetime  decreases  are  the  same  for  both  argon  and 
nitrogen.  On  the  other  hand  the  hydrogen  'pressure  bump' 
causes  a  negligible  lifetime  decrease  up  to  a  local  dynamic 
pressure  of  le-9  mbar/mA.  It  has  been  also  observed  that, 
switching  off  the  SIPs,  a  uniform  operating  pressure 
varying  from  3e-9  up  to  7e-9  mbar  was  created  in  the 
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whole  ring  without  any  measurable  change  in  lifetime 
whereas  at  the  same  average  pressure  (as  defined  in  eq.  5) 
of  5e-9  mbar  with  the  pressure  bump  of  nitrogen,  the 
beam  lifetime  changed  by  as  much  as  30%  (250  mA  at  2 
GeV). 

Since  the  pressure  is  measured  only  at  certain  points  of 
the  ring  with  an  accuracy  that  is  increasing  with  pressure, 
expression  (1)  should  be  used  with  care  bearing  in  mind 
that  it  is  valid  for  homogeneous  pressures  around  the  ring. 
Thus  for  large  deviations  from  homogeneity  it  may  be 
preferable  to  use  the  dominant  gas  species  with  the 
highest  local  pressure  for  the  estimations  of  elastic 
scattering  lifetime.  Additionally  eq.  (1)  does  not  take  into 
account  the  effect  of  local  partial  pressures  of  out-gassing 
species  and  subsequently  local  desorption  coefficients. 

During  the  gas  injection  experiments,  bremsstrahlung 
gamma  rays  measurements  have  been  performed  for  radio¬ 
protection  purposes  in  a  non  restricted  area  outside  the 
shielding  wall. 


One  of  the  environmental  ionization  chambers,  used  to 
monitor  radiation  levels  around  the  beam-lines,  allowed  us 
to  evaluate  how  different  conditions  of  the  vacuum  in  the 
chamber  produced  relevant  changes  in  the  bremsstrahlung 
radiation  that  is  channeled  into  the  beam-line  during 
operation  with  the  beam. 

The  gamma  monitor  is  placed  at  about  3  m  from  the 
beam-line  hutch  in  a  position  aligned  with  the  straight 
section.  It  detects  the  secondaries  generated  by  the 
bremsstrahlung  gamma  rays  after  interacting  with  the  first 
optic  component  of  the  beam-line,  such  as  the  first 
mirror,  and  after  the  attenuation  due  to  the  lead  shielding 
wall  placed  in  the  beam-line  hutch. 

The  plots  of  gamma  dose  rates  normalized  per  mA  of 
stored  current  as  a  function  of  the  local  pressures  in  the 
chamber  obtained  with  Ar,  N2  and  H2  injections,  are 
shown  in  fig.  4.  Fits  indicate  a  linear  dependence 
according  to: 

G  =  gq  +  cZP  (6) 


with  G0=3.e-4  pGy/h/mA  and  C~3.5e+3  (iGy/h/mA/mbar 
as  expected  [5].  On  the  contrary,  the  gasses  injected  did 
not  affect  the  bremsstrahlung  gamma  rays  emission 
detected  by  a  reference  ionization  chamber  installed  at  the 
end  of  another  straight  section  of  the  ring. 

Data  showed  that  any  local  increase  of  pressure  in  the 
straight  section  chamber,  although  not  preventing  beam 
injection  and  storage,  can  cause,  from  the  radio-protection 
point  of  view,  a  significant  increase  of  radiation  levels 
outside  the  shielding  around  the  corresponding  beam-line 
exit. 

Studies  of  ion  trapping  during  the  Gas  Injection 
Experiments  (GIE)  have  been  reported  elsewhere  [6].  Here 
it  is  enough  to  mention  that  observations  of  beam 
characteristics  were  carried  out  for  various  beam 
configurations,  currents  and  energies.  The  increase  in 
vertical  beam  size  with  beam  current  that  occurs  only  with 
high  local  pressure  and  100%  filling  and  which  is  large  at 
low  energy,  is  clearly  evidence  of  ion  trapping. 

4  CONCLUSIONS 

The  Gas  Injection  Experiments  at  ELETTRA  are  very 
useful  not  only  because  they  help  in  understanding  the 
validity  of  approximations  used  but  also  because  they 
reveal  valuable  information  on  the  behavior  of  vacuum 
chambers  having  a  higher  pressure  profile.  New  straight 
section  vacuum  chambers  made  from  extruded  aluminum 
are  to  be  installed  and  these  studies  will  highly  help  us  to 
better  analyze  any  future  complications. 
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TRACKING  STUDIES  OF  TOP-UP  SAFETY  FOR  THE  ADVANCED 

PHOTON  SOURCE* 


M.  Borland.  L.  Emery,  ANL,  Argonne,  IL 


Abstract 

The  Advanced  Photon  Source  (APS)  is  a  7-GeV,  third- 
generation  synchrotron  radiation  source.  To  provide  more 
stable  beam  for  users,  we  are  pursuing  a  new  operating 
mode  called  “top-up”  [1,2].  In  this  mode,  the  beam  current 
is  not  allowed  to  decay  as  it  normally  would,  but  instead  is 
maintained  at  a  high  level  through  frequent  injection.  A 
safety  question  with  top-up  mode  is,  during  injection  with 
photon  shutters  open  can  injected  beam  ever  exit  a  photon 
beamline?  This  might  happen,  for  example,  due  to  full  or 
partial  shorting  of  a  dipole  coil.  Extensive,  detailed  track¬ 
ing  studies  were  performed  to  assess  the  possibility  of  such 
an  accident  given  the  planned  safety  measures.  We  discuss 
the  safety  philosophy,  the  scenarios  simulated,  and  the  ad¬ 
vanced  computational  techniques  employed.  A  companion 
paper  [1]  discusses  analytical  estimates  of  top-up  safety. 

1  SAFETY  ISSUES  FOR  TOP-UP 

The  basic  safety  issue  for  top-up  is  whether  it  is  possible, 
through  an  equipment  malfunction  or  other  circumstance, 
to  extract  injected  beam  down  a  photon  beamline.  If  this 
occurred,  a  significant  radiation  level  would  result  outside 
the  accelerator  enclosure.  For  example,  if  a  dipole  immedi¬ 
ately  downstream  of  an  ID  straight  section  shorts  (has  zero 
field),  the  electron  beam  entering  the  dipole  would  continue 
on  the  same  path  as  the  ID  photon  beam  and  exit  the  accel¬ 
erator  enclosure.  In  principle,  this  could  continue  for  an 
arbitrarily  long  time.  In  practice,  radiation  monitors  would 
probably  prevent  this,  but  we  considered  this  alone  inade¬ 
quate. 

Instead,  we  started  from  the  realization  that  synchrotron 
light  sources  are  safe  with  photon  shutters  open  when  there 
is  no  injected  beam,  because  stored  beam  cannot  be  ex¬ 
tracted  down  a  photon  beamline  as  it  will  be  lost  on  a 
aperture  first.  Extending  this,  we  postulated  that  it  is  im¬ 
possible  to  extract  injected  beam  while  maintaining  stored 
beam,  even  when  the  two  beams  travel  on  different  trajec¬ 
tories.  If  this  is  true,  then  top-up  safety  can  be  assured  by 
disabling  injection  if  stored  beam  is  lost  while  shutters  are 
open.  Analytical  methods  [1]  bolster  one’s  confidence  in 
this  postulate,  but  provide  no  proof.  As  a  result,  we  under¬ 
took  tracking  studies  to  further  strengthen  our  confidence 
in  this  assumption. 

2  SIMULATION  METHODOLOGY 

A  “top-up  accident”  is  a  situation  where  stored  beam  ex¬ 
ists  while  injected  beam  is  exiting  the  accelerator  enclosure 


via  a  photon  beamline.  This  requires,  at  minimum,  a  fully 
or  partially  shorted  dipole  magnet  that  leads  into  a  photon 
beamline  (i.e.,  the  dipole  that  shorts  is  the  one  that  normally 
diverts  the  beam  path  from  entering  the  photon  beamline). 
At  APS,  35  of  40  sectors  each  have  the  potential  for  two 
beamlines  (see  Figure  1),  namely,  an  ID  beamline  on  the 
upstream  (AM)  dipole  and  a  bending  magnet  beamline  on 
the  downstream  (BM)  dipole. 


Figure  1:  Schematic  representation  of  an  APS  sector 

For  a  fully  shorted  dipole,  it  is  clear  that  injected  beam 
can  be  extracted.  For  an  unshorted  dipole,  it  is  clear  that 
stored  beam  can  survive.  The  possibility  of  an  accident  oc¬ 
curs  somewhere  between  these  two  extremes,  where  one 
might  have  stored  beam  while  extracting  injected  beam. 
(Note  that  the  injected  and  stored  beams  need  not  enter  the 
dipole  at  the  same  position  or  slope.  If  they  did,  it  would 
be  impossible  to  have  an  accident.)  Hence,  the  simulations 
must  be  done  with  the  degree  of  dipole  shorting  as  a  vari¬ 
able  quantity,  called  the  fractional  strength  error  or  FSE 
(equal  to  0  for  no  short  and  -1  for  a  full  short.)  As  illus¬ 
trated  in  Figure  2,  the  simulations  find  the  minimum  FSE 
at  which  stored  beam  survives  and  the  maximum  FSE  at 
which  injected  beam  exits  via  the  beamline.  If  the  former 
is  greater  than  the  latter,  we  have  a  positive  “FSE  gap”  and 
a  safe  situation. 
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Figure  2:  Illustration  of  the  FSE  “safety  gap.”  In  the  middle 
region,  stored  beam  is  lost  and  injected  beam  does  not  exit 
the  photon  beamline. 

In  addition  to  dipole  shorting,  we  simulate  other  faults 
that  might  conspire  to  produce  an  accident.  For  example, 
suppose  that  a  magnet  downstream  of  the  shorted  dipole 
also  malfunctioned,  producing  a  “conspiratorial”  kick  that 
compensated  the  missing  field  from  the  dipole.  In  such  a 
scenario,  the  perturbation  of  the  stored  beam  orbit  could  be 
greatly  reduced,  making  the  FSE  gap  smaller. 

For  each  scenario  we  must  simulate  the  stored  beam  and 
injected  beam.  For  the  stored  beam  we  simply  compute  the 
closed  orbit  in  the  presence  of  a  particular  FSE  and  other 
errors;  we  then  track  a  single  particle  on  this  closed  orbit  to 
see  if  it  is  lost  on  an  aperture. 

The  acceptance  of  a  photon  beamline  is  easily  computed 
from  knowledge  of  the  apertures  and  does  not  depend  on 
magnet  settings  or  other  variables.  Hence,  for  the  injected 
beam,  we  chose  to  track  backwards  from  the  photon  beam¬ 
line  using  an  acceptance-filling  beam,  ending  at  the  up¬ 
stream  end  of  the  ID  straight.  If  any  particles  exit  the  sec¬ 
tor,  then  we  assume  that  they  might  also  reach  the  injection 
point,  i.e.,  the  parameters  of  that  simulation  correspond  to 
extraction  of  injected  beam.  If  no  backtracked  particles  exit 
the  sector,  then  no  injected  particles  could  exit  via  the  pho¬ 
ton  beamline  under  those  conditions.  Tracking  only  to  the 
beginning  of  the  sector  greatly  reduces  the  number  of  possi¬ 
ble  parameters  that  might  influence  the  computations,  with 
the  downside  that  our  results  may  be  very  conservative. 

The  apertures  in  the  ring  and  photon  beamline  are  clearly 
crucial  to  these  simulations.  In  the  simulations,  we  used  all 
available  apertures  in  the  ring:  the  extrusion  and  (per  sec¬ 
tor)  eight  bellows,  two  “crotch  absorbers,”  and  three  “end 
absorbers.”  Since  the  photon  beamlines  are  drift  spaces 
for  the  electron  beam,  we  used  only  the  two  acceptance¬ 
defining  apertures,  namely,  the  crotch  absorber  and  wedge 
absorber  (which  form  a  pair  at  the  start  of  the  beamline) 
plus  the  photon  safety  shutter.  Not  all  sectors  have  identi¬ 
cal  aperture  configurations,  but  all  have  the  same  elements. 

Because  the  position  of  most  of  the  apertures  cannot  be 
measured  directly,  we  determined  tolerances  on  their  posi¬ 
tions.  In  the  simulations,  these  tolerances  were  included  by 
increasing  the  apertures  by  the  tolerance  amount.  For  ex¬ 


ample,  a  ±43  mm  aperture  with  a  ±5  mm  tolerance  is  sim¬ 
ulated  as  a  ±48  mm  aperture.  This  extremely  conservative 
procedure  was  necessary  because  of  the  time  required  to  do 
randomized  simulations  using  tolerances. 


3  ACCIDENT  SCENARIOS 

We  chose  a  number  of  scenarios  that  are  most  likely  to 
lead  to  an  accident.  To  make  our  results  somewhat  lattice- 
independent,  we  used  22  lattices  with  integer-spaced  hori¬ 
zontal  tunes  from  18.2  to  39.2,  except  where  noted.  Also, 
except  where  noted,  simulations  vary  FSE  so  that  the  limit¬ 
ing  values  (indicated  in  Figure  2)  are  found.  The  scenarios 
are  the  following: 

Type  1  A  single  dipole  shorts,  but  no  other  faults  occur. 

Type  2  A  single  dipole  shorts  and  there  is  a  worst-case 
compensating  dipole  field  in  a  quadrupole  or  sextupole 
downstream  of  the  dipole  in  the  same  sector.  The  worst- 
case  compensating  field  is  the  one  that  best  corrects  the 
orbit  distortion,  limited  by  the  maximum  field  that  can  be 
produced  by  the  magnet.  This  scenario  simulates  both  large 
single-multipole  misalignments  and  shorting  of  the  multi¬ 
pole  (in  a  conservative  way,  as  the  quadrupole  or  sextupole 
field  is  not  affected).  Since  the  the  compensating  field  is 
downstream  of  the  dipole,  it  affects  stored  beam  but  not 
backtracked  beam,  which  is  the  worst  possible  scenario. 

Type  3  A  single  dipole  shorts  and  there  is  a  combination 
of  a  gradient  error  and  worst-case  dipole  field  in  a  single 
quadrupole  in  the  same  sector.  The  gradient  errors  take 
20  values  that  range  between  the  limits  that  move  the  tune 
into  the  integer  and  half-integer  resonances,  subject  to  con¬ 
straints  on  the  polarity  of  the  quadrupole.  To  reduce  com¬ 
putation  times,  these  simulations  are  performed  only  for 
vx  =  35.2  (the  standard  tune)  and  vx  =  20.2  (the  worst 
case  for  Type  2).  In  addition,  a  fixed  FSE  is  chosen  for 
each  of  the  stored-beam  and  backtracking  runs.  The  result 
is  evaluated  and  the  FSE  inputs  are  adjusted  until  approxi¬ 
mate  boundaries  are  found  for  each  type  of  run.  Once  these 
are  found  for  one  aperture  configuration,  they  are  gener¬ 
ally  valid  for  similar  configurations,  which  saves  consider¬ 
able  computation  at  the  expense  of  sometimes  giving  pes¬ 
simistic  estimates  of  the  FSE  gap. 

Type  4  A  single  dipole  shorts  and  a  single  quadrupole 
in  the  same  sector  has  its  polarity  reversed.  These  runs  are 
done  only  for  backtracked  beam,  as  we  assume  that  the  tune 
error  is  compensated  by  adjustment  of  other  quadrupoles  in 
the  ring,  so  that  the  stored-beam  simulations  from  Type  1 
can  be  used.  This  scenario  is  one  that  might  arise  if  dur¬ 
ing  replacement  a  power  supply  converter  is  miswired  and 
the  beam  is  stored  again  after  adjusting  the  tunes  using  the 
other  quadrupoles. 

Figure  3  shows  some  representative  data  from  simula¬ 
tions  for  Type  1.  When  all  scenarios  have  been  performed 
for  an  aperture  configuration,  we  analyze  the  data  to  ob¬ 
tain  the  minimum  FSE  gap.  Given  the  many  conservative 
assumptions  and  the  extreme  nature  of  the  scenarios,  a  pos¬ 
itive  minimum  FSE  gap  indicates  a  safe  configuration. 


2320 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


FSE 


Figure  3:  Typical  iype-1  simulation  results. 

4  COMPUTATIONAL  METHODS 

Given  the  complexity  of  the  top-up  tracking,  some  might 
expect  that  we  would  have  developed  a  new  code  for  our 
problem.  However,  the  program  used  was  elegant  [3], 
an  existing  code  that  does  6-dimensional  tracking  and  other 
accelerator  computations.  The  physics  demands  on  the 
code  were  modest  and  could  have  been  met  by  any  number 
of  codes.  The  only  modification  made  to  elegant  was  the 
addition  of  integration  of  field  maps,  necessary  for  back¬ 
tracked  beam  simulations  where  the  beam  is  very  far  off 
axis  in  sextupoles  or  quadrupoles.  What  was  vital  for  our 
purposes  was  that  elegant  uses  the  Self-Describing  Data 
Sets  (SDDS)  file  format  [4,  5].  Like  all  SDDS-compliant 
programs,  elegant  does  essentially  no  postprocessing  or 
data  display  itself.  Rather,  it  relies  on  the  powerful  SDDS 
Toolkit,  a  group  of  about  70  generic  data  processing  and 
display  programs,  that  permits  simplified  development  of 
postprocessing  scripts  for  analysis  of  large  amounts  of  data 
from  many  simulations. 

For  top-up  safety  tracking,  about  500  runs  are  required 
for  aperture  configuration.  These  runs  are  grouped  accord¬ 
ing  to  whether  they  simulate  stored  beam  or  backtracked 
beam,  and  according  to  the  failure  scenario.  For  each  sce¬ 
nario  type,  a  Tcl/Tk  script  is  used  to  set  up  and  submit  the 
simulation  runs.  This  script  is  itself  usually  invoked  by  an¬ 
other  script  that  starts  all  the  runs  involved  in  a  particular 
aperture  configuration.  These  scripts  greatly  simplify  the 
task  of  setting  up  and  running  a  new  round  of  simulations. 
A  round  of  simulations  for  a  sector  takes  about  two  days  to 
run  on  20  Sun  Ultra  1  and  Ultra  30  workstations  managed 
by  the  Distributed  Queueing  System  [6]. 

For  each  scenario,  a  specific  script  is  used  to  postprocess 
the  data  and  produce  a  simple  results  file  (again,  an  SDDS 
file).  These  scripts  also  detect  problems  (e.g.,  missing  data 
that  might  result  from  a  workstation  crashing),  and  to  pre¬ 
vent  using  bad  data,  any  simulations  with  problem  data  are 
deleted  and  must  be  run  again.  The  user  can  easily  do  this 
by  reinvoking  the  submission  script.  Like  startup,  postpro¬ 
cessing  can  be  invoked  with  a  single  command.  This  com¬ 
mand  executes  the  scenario-specific  scripts,  then  collates 
the  scenario-specific  results  files  into  a  single  result  file.  In 


addition,  the  script  produces  a  single  value — the  minimum 
FSE  gap — showing  whether  the  configuration  is  unsafe. 

Both  the  startup  and  postprocessing  scripts  use  the 
SDDS  Toolkit  for  data  preparation  and  analysis.  In  ad¬ 
dition  to  using  SDDS  files  for  all  output,  elegant  uses 
SDDS  files  for  configuration  of  tracking  and  for  tracking 
input.  Most  of  these  files  are  prepared  automatically  by  the 
scripts  or  by  other  elegant  runs  (a  few  represent  exter¬ 
nal  input,  e.g.,  the  apertures,  and  are  prepared  manually). 
For  example,  in  some  scenarios  a  closed-orbit  simulation 
with  conspiratorial  orbit  correction  will  be  performed,  and 
a  series  of  values  giving  quadrupole  and  corrector  strengths 
will  be  saved.  These  data  are  loaded  sequentially  by  a 
backtracked  beam  simulation,  in  order  to  replicate  exactly 
the  conditions  of  the  stored-beam  simulation.  Thus,  there 
is  no  manual  copying  of  data  from  one  simulation  to  an¬ 
other,  speeding  the  work  and  eliminating  the  possibility  of 
transcription  errors  (an  important  consideration  given  the 
safety-related  nature  of  the  computations).  Other  examples 
of  SDDS  data  used  as  simulation  input  are  the  coordinates 
of  the  acceptance-filling  particles  for  backtracking  and  the 
multipole  strengths  for  the  22  different  lattices  used  in  the 
simulations. 
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Abstract 

The  Advanced  Photon  Source  (APS)  design  incorporated 
a  positron  accumulator  ring  (PAR)  as  part  of  the  injec¬ 
tor  chain.  In  order  to  increase  reliability  and  accommo¬ 
date  other  uses  of  the  injector,  APS  will  run  with  elec¬ 
trons,  eliminating  the  need  for  the  PAR,  provided  another 
method  of  eliminating  rf  bucket  “pollution”  in  the  APS  is 
found.  Satellite  bunches  captured  from  an  up  to  30-ns-long 
beam  from  the  linac  need  to  be  removed  in  the  injector 
synchrotron  and  storage  ring.  The  bunch  cleaning  method 
considered  here  relies  on  driving  a  stripline  kicker  with  an 
amplitude  modulated  (AM)  carrier  signal  where  the  carrier 
is  at  a  revolution  harmonic  sideband  corresponding  to  the 
vertical  tune.  The  envelope  waveform  is  phased  so  that  all 
bunches  except  a  single  target  bunch  (eventually  to  be  in¬ 
jected  into  the  storage  ring)  are  resonated  vertically  into  a 
scraper.  The  kicker  is  designed  with  a  large  enough  shunt 
impedance  to  remove  satellite  bunches  from  the  injection 
energy  of  0.4  GeV  up  to  1  GeV.  Satellite  bunch  removal  in 
the  storage  ring  relies  on  the  single  bunch  current  tune  shift 
resulting  from  the  machine  impedance.  Small  bunches  re¬ 
maining  after  initial  preparation  in  the  synchrotron  may  be 
removed  by  driving  the  beam  vertically  into  a  scraper  using 
a  stripline  kicker  operating  at  a  sideband  corresponding  to 
the  vertical  tune  for  small  current  bunches.  In  this  paper 
both  design  specifications  and  bunch  purity  measurements 
are  reported  for  both  the  injector  synchrotron  and  storage 
ring. 

1  INJECTOR  SYNCHROTRON  BUNCH 
CLEANING 

The  APS  storage  ring  is  designed  to  be  filled  one  bunch 
per  cycle  at  a  2-Hz  rate.  The  principal  bunch  cleaning  re¬ 
quirement  is  to  prepare  a  single  bunch  by  removing  any 
beam  that  gets  captured  in  all  but  a  single  bucket  of  the  432 
possible  injector  synchrotron  buckets.  The  bunch  clean¬ 
ing  method  presented  here  is  based  on  an  rf  stripline  kicker 
that  is  used  to  deflect  the  beam  vertically  into  a  scraper. 
Each  kicker  stripline  is  driven  by  a  250-watt  broad-band 
(10  kHz-220  MHz)  amplifier.  The  injector  synchrotron 
ramps  linearly  from  injection  (350  MeV)  to  extraction  (7 
GeV)  in  223  ms.  Bunch  cleaning  will  be  done  at  relatively 
low  energies  starting  at  the  synchrotron  injection  energy  to 

*  Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
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about  1  GeV  so  that  the  kicker  amplifier  power  requirement 
is  minimized. 

Originally,  injector  synchrotron  bunch  cleaning  was  to 
be  accomplished  by  driving  the  rf  kicker  with  an  amplitude 
modulated  (AM)  signal.  The  choice  of  AM  is  motivated  by 
the  fact  that  the  kick  must  be  zero  at  the  bucket  containing 
the  bunch  to  be  injected  into  the  storage  ring.  The  AM 
signal  has  the  form, 

V(t)  =  A (nt<;0) cos ((m  -  v)uj0t)  (1) 

A(nu0)  =  VoSin(^Y^),  (2) 

where  A(nu0)  is  the  amplitude  term,  u>0  is  the  injector  syn¬ 
chrotron  revolution  frequency,  v  —  0.8  is  the  fractional  ver¬ 
tical  tune,  and  n,  m  are  integers.  The  AM  voltage  wave¬ 
form  given  by  Eq.  (1)  has  frequency  components  at  the 
standard  sum  and  difference  frequencies 

=  {(ra±m)  q=i/}w0,  (3) 

which  represent  revolution  harmonic  sidebands  at  the  tune 
frequency.  Driving  at  a  tune  sideband  enhances  the  effec¬ 
tiveness  of  the  kicker  because  radiation  damping  is  very 
small  at  the  synchrotron  injection  energy  and  so  large  reso¬ 
nant  centroid  beam  displacements  are  possible.  Ultimately, 
the  maximum  amplitude  is  limited  by  the  amplitude  depen¬ 
dent  tune  shift  due  to  sextupoles  and  Landau  damping  in 
the  injector  synchrotron.  The  parameter  n  is  chosen  so  that 
the  period  of  the  amplitude  term  given  by  Eq.  (2)  is  at  min¬ 
imum  equal  to  the  length  of  the  linac  pulse  in  injector  syn¬ 
chrotron  buckets  (10  buckets  for  a  30-ns  linac  pulse).  The 
value  n  =  36  statisfies  this  requirement  so  that  A(nu0) 
has  a  period  of  12  buckets.  The  parameter  m  is  chosen  to 
minimize  bandwidth,  which  requires  that  m  =  0. 

The  basic  advantage  of  this  system  is  that  it  minimizes 
the  bandwidth  required  of  all  system  components  (hybrids, 
splitters,  amplifier).  The  drawbacks,  however,  include  the 
fact  that  any  particles  injected  into  buckets  that  happen  to 
be  at  a  zero  crossing  of  the  amplitude  term  will  not  be  re¬ 
moved.  A  remedy  to  this  problem  would  be  to  switch  the 
value  of  n  part  way  through  the  bunch  cleaning  cycle  to  the 
next  lower  half  integer.  Another  drawback  is  that  buckets 
near  a  zero  crossing  for  A(nu0)  receive  only  a  fraction  of 
the  maximum  kick.  A  way  to  increase  the  kick  applied  to 
buckets  adjacent  to  a  zero  crossing  would  be  to  use  a  square 
wave  for  A(noj0)  or  increase  the  power  output  of  the  am¬ 
plifier.  On  balance,  these  drawbacks  complicate  the  im¬ 
plementation  of  a  bunch  cleaning  system  based  on  an  AM 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2322 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


waveform  and  outweigh  the  single  advantage  of  minimum 
bandwidth  required  of  system  components. 

A  simpler  method  was  therefore  chosen  to  perform  syn¬ 
chrotron  bunch  cleaning  at  APS.  The  idea  consists  of  driv¬ 
ing  the  kicker  at  a  vertical  tune  sideband  so  that  the  beam 
is  removed  at  a  vertical  scraper.  When  the  bucket  contain¬ 
ing  the  bunch  to  be  injected  into  the  storage  ring  passes  the 
kicker,  a  fast  gallium  arsenide  switch  turns  off  the  rf  briefly 
so  no  kick  is  applied.  This  system  is  shown  in  Fig.  1 .  The 
principal  component  of  this  system  is  a  fast  switch  with 
a  risetime  of  1.5  ns  gated  once  every  injector  synchrotron 
turn.  The  speed  of  the  switch  is  dictated  by  the  requirement 
that  the  injection  bucket  receive  no  kick  and  buckets  adja¬ 
cent  to  it  must  receive  a  maximum  kick  from  the  kicker. 
This  means  that  the  switch  must  turn  on  and  off  in  at  least 
one  rf  period  less  the  full  width  tenth  maximum  (FWTM) 
bunch  length  of  1  ns  or  1.84  ns.  In  practice,  the  smallest 
bandwidth  component  will  determine  the  system’s  overall 
speed. 

The  speed  of  the  switch  requires  the  180°  hybrid,  high- 
power  amplifiers  and  kicker  to  be  broad-band  devices.  The 
broad-band  hybrid  is  a  relatively  inexpensive  off-the-shelf 
item  and  the  stripline  kicker  is  an  inherently  broad-band 
device  to  be  described  in  the  next  section.  The  two  high 
power  amplifiers  are,  however,  quite  expensive  due  to  both 
the  bandwidth  and  high  power  requirement.  The  ampli¬ 
fier  chosen  was  available  in  house  and  has  a  bandwidth  of 
220  MHz  (250  watt)  and  therefore  a  rise  time  of  4.54  ns. 
This  rise  time  is  a  bit  long  but  should  be  adequate  if  the 
switch  is  commanded  to  start  turning  off  the  rf  1.5  rf  pe¬ 
riods  (  4.3  ns)  before  the  target  bunch  passes  the  kicker. 
The  switch  must  turn  the  rf  back  on  as  soon  as  the  injec¬ 
tion  bunch  passes.  The  slow  amplifier  rise  time  ultimately 
means  that  bunches  adjacent  to  the  target  bunch  will  re¬ 
ceive  approximately  67%  of  the  maximum  available  kick 
from  the  kicker.  This  should  not  be  a  practical  problem  as 
long  as  enough  time  is  allowed  for  resonant  displacement 
of  the  adjacent  bunches  to  build  up  and  saturate  (in  practice 
a  few  thousand  turns). 


Figure  1:  Time  domain  bunch  cleaning  schematic  circuit 
diagram. 

2  HIGH  SHUNT  IMPEDANCE 
STRIPLINE  KICKER  DESIGN 

The  bunch  cleaning  system  described  in  the  previous  sec¬ 
tion  relies  on  a  high  shunt  impedance  stripline  kicker  to 


deflect  the  beam.  This  kicker  is  a  modified  version  of  the 
APS  352-MHz  quarter-wavelength  stripline  kicker  used  for 
injector  synchrotron  tune  measurements.  The  new  kicker 
was  modified  by  decreasing  the  stripline  vertical  separa¬ 
tion  by  a  factor  of  two,  thereby  increasing  the  kicker  shunt 
impedance  [1].  Figure  2  shows  the  kicker  geometry.  Each 
stripline  is  electrically  connected  and  mechanically  sup¬ 
ported  via  a  vacuum  feedthrough  at  each  end.  The  ellip¬ 
tical  injector  synchrotron  vacuum  chamber  is  mechanically 
matched  to  the  smaller  cross  section  kicker  chamber  by  a 
transition  piece. 

MAFIA  calculations  [2]  show  that  the  shunt  impedance 
of  the  new  kicker  is  a  factor  of  nine  larger  than  that  for  the 
original  tune  measurement  kicker.  Measurements  made  for 
beam  energies  near  injection  using  the  tune  measurement 
kicker  show  that  for  1 80  watts  total  input  power,  the  beam 
was  deflected  approximately  1  mm  at  a  vertical  scraper. 
The  modified  kicker  should  therefore  be  able  to  deflect  the 
beam  at  least  5  mm  at  the  scraper  at  injection  using  two 
250-watt  amplifiers.  This  amount  of  deflection  should  be 
more  than  adequate  to  keep  the  injection  bunch  well  clear 
of  the  vertical  scraper. 


Figure  2:  High  shunt  impedance  kicker  design. 


3  STORAGE  RING  BUNCH  CLEANING 

Storage  ring  bunch  cleaning  is  required  in  the  event  some 
charge  remains  in  satellite  buckets  after  cleaning  in  the  in¬ 
jector  synchrotron.  The  bunch  cleaning  system  considered 
here  relies  on  the  fact  that  any  satellite  bunches  injected 
will  necessarily  have  much  less  current  than  the  injected 
bunch.  The  small  satellite  bunches  will  therefore  have  a 
tune  that  is  different  from  the  large  current  bunches,  due  to 
the  vertical  transverse  coupling  impedance  (mostly  gener¬ 
ated  by  the  APS  small-gap  chambers  [3,  4]).  The  satellite 
bunches  can  be  removed  by  selectively  driving  the  beam 
using  a  kicker  at  (or  very  near)  the  single  particle  tune  fre¬ 
quency.  The  resonantly  driven  bunches  can  be  removed  by 
a  suitably  positioned  vertical  scraper. 

This  method  was  tested  during  storage  ring  machine 
studies  time.  The  ring  was  filled  with  a  standard  user  pat¬ 
tern  consisting  of  six  1.67-mA  bunches  filled  in  buckets 
0  through  5,  followed  by  25  2.00-mA  bunches  starting  at 
bucket  72  and  separated  by  36  buckets  (the  storage  ring 
consists  of  1296  buckets)  for  a  total  current  of  60  mA.  Then 
25  0.1-mA  “contamination”  bunches  to  be  cleaned  were 
filled  three  buckets  downstream  of  each  of  the  25  2.00-mA 
bunches.  The  first  six  bunches  are  used  to  reliably  trig¬ 
ger  the  BPM  system  so  that  orbit  correction  (both  real  time 
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Vertical  Tune 


Figure  3:  Storage  ring  tune  spectrum  for  bunch  cleaning 
6+25  user  pattern  and  25  0.1 -mA  contamination  bunches. 


and  slow)  can  be  used  to  keep  the  beam  fixed.  Figure  3 
shows  the  tune  spectrum  for  this  pattern.  The  large  peak 
at  uy  =  0.266  is  due  to  the  2-mA  bunches,  the  peak  at 
vy  =  0.274  is  due  to  the  1 ,67-mA  bunches,  and  the  peak  at 
vy  =  0.281  is  due  to  the  0.1-mA  bunches.  Figure  4  shows 
the  APS  bunch  purity  monitor  triggered  to  view  once  per 
turn  only  the  25  2.00-mA  bunches  and  25  0. 1  -mA  bunches. 
The  purity  monitor  diagnostic  counts  photons  incident  on 
a  photomultiplier  and  bins  them  in  time.  The  figure  shows 
the  large  current  bunches  as  the  central  peak  and  the  0.1- 
mA  bunches  both  upstream  and  downstream  of  the  large 
current  bunches  (downstream  is  toward  zero  bunch  position 
in  the  figure)  on  a  log  scale.  Since  the  25  0.1-mA  bunch 
pattern  was  filled  only  downstream  of  the  large  bunches, 
the  diagnostic  shows  that  during  injection  some  of  the  0.1- 
mA  bunches  were  unintentionally  filled  upstream  of  the 
large  bunches. 
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Figure  4:  APS  bunch  purity  monitor  showing  the  25  2.00- 
mA  bunches  and  25  0. 1-mA  bunches. 


The  bunch  cleaning  experiment  used  the  tune  measure¬ 
ment  stripline  kicker  to  drive  the  beam.  The  vector  signal 
analyzer  (VS A)  was  used  as  a  signal  source  set  to  drive 
the  tune  of  the  0.1-mA  bunches.  A  vertical  scraper  was 
slowly  moved  toward  the  beam  while  orbit  correction  was 
running  to  keep  the  orbit  fixed.  Figure  5  shows  the  bunch 
purity  monitor  after  the  scraper  had  been  moved  to  a  po¬ 
sition  to  intercept  the  resonantly  driven  0.1-mA  bunches. 
The  figure  shows  that  the  charge  remaining  in  the  satellite 
bunches  was  five  orders  of  magnitude  below  the  2.00-mA 


bunch.  The  final  beam  current  remaining  was  52.5  mA, 
indicating  that  some  of  the  beam  in  the  desired  user  fill 
pattern  was  also  removed.  This  is  because  the  tune  mea¬ 
surement  striplines  only  produce  approximately  20-30  mi- 
cons  centroid  displacement  when  driven  at  full  power.  Any 
fast  fluctuation  in  beam  position  that  orbit  correction  can¬ 
not  correct  can  therefore  result  in  beam  loss  from  the  user 
pattern.  The  cleaning  efficiency  can  be  greatly  improved  by 
driving  the  small  bunch  beam  centroids  resonantly  to  larger 
amplitudes.  This  can  be  accomplished  by  using  a  higher 
shunt  impedance  kicker  and/or  more  powerful  amplifier. 
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Figure  5:  APS  bunch  purity  monitor  showing  only  the  25 
2.00-mA  bunches  remaining  after  removal  of  the  25  0.1- 
mA  bunches. 
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Abstract 

The  effects  of  vertical  girder  misalignments  on  the  verti¬ 
cal  orbit  of  the  Advanced  Photon  Source  (APS)  storage 
ring  are  studied.  Partial  sector-realignment  is  prioritized  in 
terms  of  the  closed-orbit  distortions  due  to  misalignments 
of  the  corresponding  girders  in  the  sectors.  A  virtual  girder- 
displacement  (VGD)  method  is  developed  that  allows  the 
effects  of  a  girder  realignment  to  be  tested  prior  to  physi¬ 
cally  moving  the  girder.  The  method  can  also  be  used  to  an¬ 
ticipate  the  corrector  strengths  needed  to  restore  the  beam 
orbit  after  a  realignment.  Simulation  results  are  compared 
to  experimental  results  and  found  to  reproduce  the  latter 
quite  closely.  Predicted  corrector  strengths  are  also  found 
to  be  close  to  the  actual  local  corrector  strengths  after  a 
proof-of-principle  two-sector  realignment  was  performed. 

1  INTRODUCTION 

The  long-wavelength  distortions  induced  by  ground  set¬ 
tlement  are  not,  in  general,  too  detrimental  to  beam  sta¬ 
bility,  but  can  result  in  large  beam-orbit  corrector  magnet 
currents.  In  the  APS  storage  ring,  magnets  are  supported 
by  girders  that  can  become  misaligned  due  to  ground  set¬ 
tlement,  particularly  in  the  vertical  direction.  The  dis¬ 
placed  magnet  centers  cause  orbit  distortions  that  require 
correction.  We  examine  the  effects  of  vertical  girder  mis¬ 
alignment  in  the  APS  storage  ring  closed  orbit.  We  study 
changes  in  the  user  orbit  due  to  a  partial  girder  realign¬ 
ment  and  the  corrector  strengths  needed  to  reestablish  that 
orbit  to  within  the  required  tolerance.  We  also  introduce 
an  analytical  method  that  provides  a  mean  to  perform  ma¬ 
chine  tests  to  mimic  the  closed-orbit  distortions  that  would 
be  introduced  by  selected  girder  movements,  prior  to  the 
physical  realignment.  Comparisons  are  made  of  machine 
tests  vs.  simulations  and  of  corrector  strengths  predicted 
by  simulations  vs.  the  actual  changes  in  correctors  after  a 
partial  realignment  of  the  ring. 

2  EFFECTS  ON  THE  CLOSED  ORBIT 

The  storage  ring  magnets  are  mounted  on  six  distinct  gird¬ 
ers  per  sector,  in  a  total  of  40  similar  sectors.  Figure  1 
shows  one  sector  of  the  nominal  low-/3y  lattice.  Girders  1 
and  5  support  three  quadrupoles,  one  sextupole,  two  beam 
position  monitors  (BPMs),  and  two  combined-function  ver¬ 
tical/horizontal  correctors.  Girders  2  and  4  support  the 
bending  magnets,  two  sextupoles,  one  vertical/horizontal 

‘Work  supported  by  U.  S.  Department  of  Energy,  Office  of  Basic  En¬ 
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corrector,  and  two  BPMs.  Girder  3  holds  two  defocusing 
and  two  focusing  quadrupoles,  one  sextupole,  two  correc¬ 
tors,  and  one  BPM.  The  sixth  girder  is  reserved  for  inser¬ 
tion  devices.  The  floor  settlement  affects  the  vertical  closed 
orbit  primarily  through  the  odd-numbered  girders,  due  to 
the  strong-focusing  quadrupoles  mounted  on  them. 


s  (m) 


Figure  1 :  One  sector  of  the  APS  lattice. 

In  1997  the  APS  Survey  Group  performed  a  compre¬ 
hensive  vertical  survey  of  the  storage  ring  magnets.  The 
data  showed  some  displacements  exceeding  the  ±0.15  mm 
vertical  displacement  tolerance  limit  with  respect  to  the 
“smoothed”  orbit  [1].  We  used  the  program  elegant  [2]  to 
simulate  the  effects  of  the  displacements  on  the  closed  or¬ 
bit  and  to  establish  an  order  of  priority  for  partial  realign¬ 
ment,  since  a  complete  realignment  of  the  ring  is  not  fea¬ 
sible  during  a  single  shutdown.  We  identified  the  sector 
or  group  of  sectors  whose  misalignments  contributed  most 
to  the  closed-orbit  distortions.  In  particular,  the  displaced 
girders  within  and  around  Sector  16  were  responsible  for 
almost  as  much  orbit  distortions  (about  1.6  mm  rms  uncor¬ 
rected)  as  the  distortions  caused  by  the  displacements  over 
the  entire  ring  (on  the  order  of  1 .7  mm  rms  uncorrected). 
Those  were  the  first  set  of  girders  chosen  to  be  vertically 
realigned,  according  to  the  established  priority. 

3  THE  VGD  METHOD 

A  partial  or  whole  girder  realignment  will  introduce  pertur¬ 
bations  in  the  established  closed  orbit  (“golden  orbit”).  In 
particular,  the  resulting  perturbations  in  the  user  orbit  slope 
need  to  be  corrected  to  within  ±10  //radians.  The  VGD 
method  provides  an  analytical  means  to  estimate  those 
perturbations,  quantify  local  corrector  strengths  needed  to 
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reestablish  the  orbit,  and  an  experimental  means  to  test  the 
realignment  effects. 

The  method  calculates  the  deflection  (kick)  at  a  correc¬ 
tor  on  a  girder  that  is  equivalent,  in  the  rms  sense,  to  the 
displacement  of  quadrupoles  supported  by  the  same  girder. 
If  we  equate  the  rms  of  the  distortions  caused  by  a  kick 
8y'  in  a  corrector  V  on  a  girder  G,  to  the  rms  of  the  dis¬ 
tortions  caused  by  a  displacement  8y  of  the  quadrupoles  on 
the  same  girder,  we  obtain  [3]: 


W)v 


(Sy)Q 

(<  >)v 


(i?i  +  i?2  + 


2i?if?2cos(A^i  -  A^))1/2, 


(1) 


where  (1  denotes  the  vertical  betatron  function  at  the  cor¬ 
rector  and  Ri  =  (yfplKiU),  with  Ki,U  and  A  fa,  the 
strength,  length  and  incremental  phase  advance  of  the  ith 
quadrupole,  respectively.  We  assumed  two  quadrupoles  on 
the  girder,  for  illustration. 

Table  1  lists  the  VGD  equivalent  kicks  for  the  lattice 
model  used  in  the  simulations.  Verification  of  the  VGD 


Table  1:  VGD  equivalent  kicks 


Girder 

Corrector 

Equivalent  Kick 

5y'/Sy  (mrad/mm) 

1,5 

A:V2,  B:V2 

0.1111 

3 

A:V4  and  B:V4 

0.0568 

method  is  shown  in  Fig.  2  where  we  plot  the  differences  be¬ 
tween  a  real  girder  displacement  near  the  420-m  mark  and 
a  VGD  at  the  same  location.  For  the  latter,  a  1-mm  girder 
displacement  is  replaced  by  a  0.1-mrad  kick.  As  shown  in 
the  figure,  the  residuals  are  less  than  50  fim,  whereas  either 
alone  produces  an  rms  orbit  distortion  of  about  eight  times 
that  or  0.40  mm. 


Figure  2:  Residuals  between  real  and  virtual  displacement. 


4  CORRECTION  OF  REALIGNMENT 
EFFECTS 

The  VGD  method  also  provides  a  local  correction  scheme. 
By  adjusting  the  corrector  strengths  to  minus  the  equiva¬ 
lent  quadrupole  displacements,  we  can  artificially  bring  the 
girders  to  the  correct  elevation  on  the  lattice. 

Perturbations  to  the  users’  orbit,  introduced  by  girder  re¬ 
alignment,  can  be  reduced  by  a  factor  of  10  by  a  local  cor¬ 
rection  that  uses  the  correctors  defined  by  the  VGD  algo¬ 
rithm.  The  local  correction  may  not  be  enough  to  bring 
the  users’  orbit  to  within  the  ±10  ^radians  tolerance;  how¬ 
ever,  this  tolerance  can  be  easily  achieved  by  a  further 
“global”  correction,  normally  done  using  one  corrector  on 
each  Girder  1  and  one  corrector  on  each  Girder  5. 

In  Fig.  3  we  compare  the  simulated  changes  in  the  users’ 
orbit  after  a  local  correction,  shown  in  the  upper  plot, 
to  simulated  changes  after  a  local  plus  global  correction, 
shown  in  the  lower  plot.  The  latter  correction  requires  a 
maximum  corrector  strength  of  0.3  mrad.  Although  there 
is  little  improvement  in  the  residual  closed-orbit  distortions 
when  the  global  correction  follows  a  local  correction,  as  ex¬ 
pected,  the  overall  corrector-strength  rms  can  be  10%  lower 
for  the  “local  plus  global”  scheme,  compared  to  the  rms 
from  a  “global-only”  scheme. 


s  (m) 


Figure  3:  Users’  orbit  after  a  local  correction  (upper  plot) 
and  a  local  plus  global  correction  (lower  plot). 


4.1  Experimental  Tests 

We  conducted  machine  tests  on  the  most  misaligned  gird¬ 
ers  in  the  ring,  wherein  the  correctors  in  Table  1  were  set  to 
the  values  estimated  by  the  VGD  method.  We  tested  virtu¬ 
ally  displacing  individual  girders  and  sets  of  girders,  with 
and  without  orbit  correction  after  the  displacements.  We 
found  very  good  agreement  between  the  experimental  and 
simulated  values  of  the  uncorrected  orbit  at  the  BPMs  for 
Girder  1  in  Sector  16.  For  Girders  3  and  5,  those  values 
differed  by  less  than  5%  rms.  This  can  be  accounted  for  by 
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the  measured  differences  between  the  simulated  and  actual 
machine  /^-values  at  the  quadruples. 

In  the  lower  plot  of  Fig.  4  we  show  the  experimental  val¬ 
ues  of  the  orbit  at  the  BPMs  after  a  virtual  displacement  of 
all  the  quadrupole-supporting  girders  (1,3,  and  5)  in  Sec¬ 
tor  16.  The  other  plots  in  the  figure  show  the  corresponding 
simulation  results,  where  “simulated  real”  indicates  distor¬ 
tions  obtained  by  displacing  the  quadrupoles,  sextupoles, 
and  BPMs  on  a  girder  by  the  survey-fitted  values;  and  “sim¬ 
ulated  virtual”  corresponds  to  distortions  obtained  by  set¬ 
ting  the  correctors  to  their  respective  VGD  values.  As  seen 
in  the  figure,  the  simulated  virtual  orbit  reproduces  the  ex¬ 
perimental  virtual  orbit  to  within  2%  rms. 


Figure  4:  Closed  orbit  from  experimental  and  simulated 
tests. 


4.2  Measured  Effects 

In  December  of  1998,  the  girders  on  Sectors  16  and  17  were 
realigned  vertically.  The  change  in  the  machine  vertical 
corrector  strength  for  the  correctors  in  the  vicinity  of  the 
realigned  sectors  was  about  +0.034  mrad  rms,  compared 
to  the  values  held  just  before  the  realignment.  When  all 
sectors  were  taken  into  account,  the  changes  in  the  vertical 
corrector  strengths  were  very  small,  about  +2  //radians. 

In  Fig.  5  we  compare  the  measured  values  of  the  cor¬ 
rectors  needed  to  reestablish  the  closed  orbit  to  those  pre¬ 
dicted  by  the  VGD  method.  Both  the  machine  and  simula¬ 
tion  correction  configuration  included  the  local  correctors, 
indicated  in  Table  1  and  depicted  in  the  figure  by  a  cond- 
nous  line,  and  the  nominal  global  correctors,  depicted  by 
a  dashed  line.  The  simulated  values  for  the  global  correc¬ 
tors  agree  quite  well  with  the  machine  values  but  less  so 
for  the  local  correctors.  This  is  attributed  to  a  different,  al- 


Figure  5 :  Corrector  changes  after  a  two-sector  realignment. 

beit  equivalent,  orbit-correction  algorithm  used  during  ac¬ 
tual  machine  operation. 

5  SUMMARY 

We  have  simulated  the  effects  of  vertical  girder  realignment 
on  the  APS  storage  ring  using  both  a  method  of  “real”  dis¬ 
placements  and  a  method  of  “virtual”  displacements.  In 
the  first  method,  the  measured  survey  values  of  girder  mis¬ 
alignments  are  distributed  over  all  the  relevant  magnet  ele¬ 
ments  on  a  girder  and  the  effects  on  the  orbit  are  obtained 
by  simulation.  In  the  second  method,  a  girder  displacement 
is  shown  to  be  equivalent,  in  the  rms  sense,  to  deflections 
produced  by  a  corrector  on  the  same  girder  whose  strength 
value  can  be  calculated  analytically.  This  VGD  method  al¬ 
lows  a  machine  study  to  be  performed  prior  to  an  actual 
realignment.  The  virtual  realignment,  its  effect  on  the  or¬ 
bit,  and  the  corrector  strength  required  to  bring  the  orbit  to 
the  nominal  values  can  then  be  gauged. 

Machine  tests  prior  to  any  physical  realignment  showed 
that  the  simulated  results  agreed  quite  well  with  the  exper¬ 
imental  values.  Finally,  the  simulation-predicted  corrector 
values  required  to  restore  the  user  orbit  for  a  realignment 
of  girders  in  Sectors  16  and  17  were  close  to  the  measured 
changes  in  vertical  corrector  after  the  physical  realignment 
of  those  girders. 
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LIFETIME  MODELLING  AT  APS  AND  ESRF 

A.  Ropert,  ESRF,  BP  220,  F  -  38043  Grenoble  Cedex 


Abstract 

Achieving  long  lifetimes  is  a  major  concern  for  all  third 
generation  light  sources,  even  for  high  energy  rings  like 
the  APS  (7  GeV)  or  the  ESRF  (6  GeV).  Due  to  the  small 
electron  transverse  dimensions  and  the  trend  towards 
small  gap  undulator  vacuum  vessels,  Touschek  scattering 
and  gas  scattering  make  signficant  contributions  to  the 
lifetime  reduction.  Taking  action  to  improve  the  lifetime 
therefore  requires  a  reliable  lifetime  model.  The  strategy 
used  on  both  machines  to  decouple  the  different 
contributions  to  the  lifetime  is  presented  and  the 
experimental  results  analysed.  Practical  limitations  on  the 
lifetime  modelling  are  discusssed. 

1  INTRODUCTION 

APS  and  ESRF  are  two  third  generation  light  sources 
optimized  for  the  production  of  hard  X-rays.  Among  the 
processes  that  limit  the  lifetime,  the  gas  scattering 
lifetime  reduction  due  to  small  gap  undulator  chambers 
(leading  to  a  beam  stay-clear  of  5  mm  at  APS,  8  mm  at 
the  ESRF)  and  the  enhanced  Touschek  scattering  induced 
by  the  increased  density  in  the  bunch  volume  (horizontal 
emittance  in  the  few  nanometer  range,  coupling  in  the  1 
%  range)  are  the  more  critical. 


Tablel:  APS  and  ESRF  relevant  parameters 


APS 

ESRF 

Energy _ 

GeV 

7 

6 

[Particles 

e+  (in  1998) 

e' 

Average  3V 

m 

15.76 

20.74 

Transverse  acceptance 

m.rad 

9.25  lO’7 

3.2  10'6 

Horizontal  emittance 

nm 

8.6 

3.8 

Coupling 

% 

1.6 

0.7 

IStandard  filling  pattern 

6  +  25  *  3 

662 

Lifetime 

h 

30@100mA 

48  @  200mA 

RF  voltage 

MV 

9.5 

11.67 

Natural  bunch  length 

mm 

8.5 

3.7 

|Bunch  lengthening 

1.6 

1 

Energy  acceptance 

% 

1.7 

2.5 

Average  pressure 

nT 

0.5 

1 

Gas  composition  H2 

% 

66 

93 

ch4 

7 

h2o 

2 

CO 

21 

6.5 

CO, 

4 

0.5 

As  shown  in  Table  1,  many  parameters  play  a  role  in 
the  modelling  of  the  different  contributions  to  the 
lifetime.  Since  the  2  rings  are  Touschek  lifetime 


dominated,  good  lifetime  modelling  requires  dedicated 
experimental  conditions  in  order  to  decouple  the  different 
contributions  and  to  minimize  the  uncertainties  on 
measured  parameters  [1],  [2]. 

2  ELASTIC  GAS  SCATTERING 
LIFETIME 

2.1  Measuring  technique 

Measurements  were  focused  on  the  vertical  gas  scattering 
contribution  which  is  the  dominant  effect  (for  instance, 
the  horizontal  acceptance  is  4  times  larger  than  the 
vertical  one  at  ESRF). 

The  procedure  consists  in  imposing  an  additional 
aperture  reduction  by  progressively  closing  one  jaw 
(upper  or  lower)  of  a  vertical  scraper  and  recording  the 
lifetime  evolution  versus  the  scraper  aperture  at  different 
beam  intensities. 

In  order  to  minimize  the  Touschek  contribution,  the 
machines  were  operated  in  the  following  conditions: 

i)  filling  pattern  with  a  large  number  of  bunches  (83  * 
10  for  APS,  662  for  ESRF)  to  get  a  small  bunch  current 

ii)  large  coupling  obtained  by  bringing  the  tunes 
closer  to  the  coupling  resonance  (APS)  or  by  detuning  a 
skew  quadrupole  corrector  (ESRF) 

Simulations  and  measurements  are  summarized  in  Fig. 
1  and  Fig.  2.  In  the  APS  case  for  instance,  the  interesting 
zone  for  the  scraper  stands  between  0.65  mm  (quantum 
limit)  and  2  mm  (above  this  aperture,  the  contribution  of 
the  other  lifetimes  starts  to  be  too  large). 


Figure  1 :  Evolution  of  the  different  lifetime  contributions 
as  a  function  of  scraper  aperture 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Figure  2:  ESRF  lifetime  as  a  function  of  scraper  position 
2.2  Data  analysis 

The  analysis  of  measurements  is  based  on  the  expected 
dependence  of  the  elastic  gas  scattering  lifetime  TG  on  the 
vertical  acceptance  \  since: 


zjXa«<Pypi> 

®  y  atomsj  gasi 

with  CG  being  a  constant  and  (3A  the  (3  function  at  the 
location  where  the  acceptance  is  limited.  xG  also  depends 
on  the  gas  composition  which  is  defined  by  the  residual 
pressure  P*,  the  atomic  number  Zj  and  the  number  of 
atoms  oty  of  the  different  species. 

Therefore  — - —  can  be  fitted  to  a  linear  law 

T 

fcmeas 

b  +  aA~2,  where  b  accounts  for  scraper  independent 
lifetime  contributions.  Using  the  same  analysis  for  the 
different  beam  currents  yields  the  gas  scattering  loss  rate 

t  ft  Q 

—  =  — 2 —  =  cl  +  d  (pID  and  A,D  are  the  vertical  P 

tg  PAy  aid 

and  the  aperture  at  ID  location)  and  the  pressure  law 

_  _  3P  T  .  ,  .  ,  9P  , 

P  =  P0  +— I  (P0  being  the  static  pressure  and  —  the 

ol  Ol 

desorption  coefficient).  Table  2,  Fig.  3  and  Fig.  4 
illustrate  the  results  of  this  analysis. 


Table  2:  Results  of  the  fitting  procedure 


2.3  Modelling  limitations  and  credibility 

Any  error  in  the  position  of  the  scraper  with  respect  to 
the  beam  axis  affects  the  analysis  of  raw  data.  In  order  to 
take  into  account  alignment  or  displacement  errors,  an 
offset  has  to  be  introduced  in  the  fit  of  the  measured 
lifetimes.  The  error  bars  in  Fig.  3  correspond  to  a  ±25  pm 
uncertainty  on  the  scraper  position. 

In  both  machines,  a  significant  discrepancy  between 
measured  and  predicted  pressures  is  observed.  Several 
explanations  can  be  advanced:  non-ideal  location  and/or 


calibration  of  gauges,  imprecision  in  the  knowledge  of  the 
residual  gas  composition,  long  time  constant  for  the 
pressure  to  get  stabilized,  importance  of  the  weighting  of 
the  pressures  by  local  p-functions.  At  ESRF,  the 
moderate  reproducibility  of  measurements  linked  to  non¬ 
identical  vacuum  conditions  (variation  of  the  loss  rate 
between  1.44  and  2.42  10'5  hours  '.mA1)  also  illustrates 
the  difficulties  in  obtaining  good  modelling. 


Figure  3:  ESRF  loss  rate  as  a  function  of  current 


Figure  4:  ESRF  average  pressure  as  a  function  of  current 


3  TOUSCHEK  LIFETIME 


The  Touschek  lifetime  can  be  expressed  as: 


T'j’ 


where  N  is  the  number  of  particles  per  bunch,  ox  and  ay 
the  transverse  dimensions,  ctl  the  bunch  length  and  (Ap/p) 
the  energy  acceptance  which  is  determined  by  either  the 
RF  bucket  or  by  transverse  limitations  (physical  or 
dynamic  aperture). 

An  almost  pure  Touschek  lifetime  is  obtained  when 
operating  in  single  bunch  mode  at  low  coupling.  Since  the 
only  unknown  parameter  is  the  energy  acceptance,  the 
strategy  consists  in  recording  the  lifetime  evolution  as  a 
function  of  the  RF  voltage  and  in  deducing  ( Ap/p)  from 
the  fit  of  the  experimental  data. 
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The  results  of  APS  (5.4  mA,  coupling  >  1.6  %)  and 
ESRF  (3.5  mA,  0.77  %  coupling)  are  shown  in  Fig.  5  and 
Fig.  6  and  compared  with  simulations. 


Figure  5:  Lifetime  evolution  versus  RF  voltage  at  APS 


Figure  6:  Lifetime  evolution  versus  RF  voltage  at  ESRF 


In  both  machines,  the  asymptotic  behaviour  of  the 
lifetime  above  a  given  RF  voltage  clearly  shows  that  the 
limitation  of  the  energy  acceptance  is  dictated  by 
transverse  considerations  and  not  by  the  available  RF 
voltage. 

The  main  sources  of  uncertainties  come  from  the 
measured  transverse  emittances  and  bunch  lengths  since, 
for  both  machines,  the  bunch  volume  has  to  be  scaled 
down  (a  factor  0.88  at  APS  and  0.76  at  ESRF)  in  order  to 
arrive  at  a  good  agreement  between  predicted  and 
measured  lifetimes. 

4  BREMSSTRAHLUNG  LIFETIME 


Figure  7:  Lifetime  dependence  on  bunch  current  at  APS 


Since  the  assumption  of  constant  Bremsstrahlung  and 
gas  scattering  contributions  at  a  given  current,  whatever 
the  filling  pattern,  looks  reasonable,  one  can  write: 


■  =  aH - =  a  +  b- 


I 


bunch 


^L^bunch  ) 


a  +  dbunch 


using  the  dependence  of  —  on  the  bunch  current  and  the 

X'j’ 

dependence  of  the  bunch  length  on  the  bunch  current 
which  is  given  by: 


^  bunch  ) 

.^L^bunch  —  ®)_ 


(I bunch  ) 

(I  bunch  —  0) 


=  kl 


bunch 


The  fit  of  the  measured  lifetimes  to  the  above 
analytical  expression  is  excellent.  The  elastic  and 
inelastic  gas  scattering  loss  rate  can  be  estimated  at: 

—  +  —  =  4.75 10-5  hours-1  .mA-1 . 


5  CONCLUSIONS 

The  transverse-related  limitation  of  the  APS  and  ESRF 
energy  acceptance  was  unambiguously  established.  The 
reasons  for  this  are  under  investigation.  The  enlargement 
of  the  energy  acceptance  could  significantly  increase 
lifetime  performance  in  the  few  bunch  mode. 

The  strategy  for  modelling  the  gas  scattering  lifetime 
looks  adequate  but  requires  stable  vacuum  conditions  to 
be  fully  exploited. 


The  modelling  of  the  Bremsstrahlung  contribution  is  the 
most  delicate  since  it  is  never  the  dominant  contribution 
to  the  lifetime. 

At  ESRF,  the  method  used  was  to  record  the  evolution 
of  the  lifetime  versus  the  RF  voltage  in  conditions  where 
the  Touschek  contribution  is  minimized  (uniform  filling, 
low  current,  large  coupling).  In  addition  to  time 
consuming  lifetime  measurements,  the  already  mentioned 
uncertainties  on  pressure,  transverse  beam  sizes,.,  make 
the  comparison  with  simulations  very  difficult. 

At  APS,  the  lifetime  evolution  was  recorded  as  a 
function  of  the  current  (Fig.  7)  for  different  filling 
patterns  (83  *  10,  83  *  2 , 25  *  3  and  22  *  1  bunches). 
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MASTERING  BEAM  LOSSES  AND  AGEING  ISSUES  AT  THE  ESRF 

J.M.Filhol,  L  Hardy,  U.  Weinrich 
ESRF,  Grenoble,  France 


Abstract 


The  ESRF  accelerators  have  been  in  full  routine  operation 
for  more  than  four  years.  The  source  delivers  nearly  5600 
hours  of  X-ray  beam  to  40  beam  lines  simultaneously, 
which  in  turn  perform  about  700  experiments  (or  70.000 
hours  of  experimental  work)  per  year.  To  maintain  free 
access  in  the  experimental  hall  only  public  dose  rates  are 
allowed. 

However,  with  the  installation  of  small  aperture  vacuum 
vessels  in  straight  sections  a  dramatic  increase  of 
bremsstrahlung  outside  the  corresponding  optic  hutches 
was  experienced.  Hence,  thorough  studies  to  understand 
and  master  beam  losses  have  been  undertaken.  This 
required  the  development  of  a  beam  loss  detection  system 
and  the  adoption  of  the  strategy  of  using  scrapers  for 
beam  collimating. 

In  addition,  great  care  is  taken  to  detect  the  first  traces  of 
ageing  of  equipment  (for  example  due  to  irradiation)  and 
therefore  avoid,  as  far  as  possible,  failures.  It  is  indeed 
true  to  say  that  the  more  failures  there  are,  the  more  the 
beam  losses  and  the  more  the  dose  level! 

BEAM  LOSSES 

1  BEAM  LOSS  MECHANISMS 

The  electron  beam  losses  can  be  sorted  into  three  major 
categories:  beam  losses  during  injection,  electron  losses 
during  stable  stored  beam  due  to  the  finite  lifetime  and 
total  beam  losses  following  equipment  failures  or 
voluntary  beam  kills. 

-  Injection  losses  occur  when  the  injected  electrons  do  not 
fall  within  the  longitudinal  or  transverse  acceptance.  At  a 
typical  injection  efficiency  of  80  %  they  are  responsible 
for  20  %  of  the  losses.  Given  the  energy  acceptance  of 
the  storage  ring  of  more  than  3  %  most  of  the  injection 
losses  were  measured  to  be  due  to  transverse 
mismatching  of  the  injected  beam. 

-  Among  the  different  contributions  to  the  lifetime 
limitation  only  four  effects  appeared  to  be  relevant: 
Elastic  gas  scattering,  inelastic  gas  scattering,  Touschek 
scattering  and  Compton  scattering.  In  few  bunch  mode 


delivery  the  Touschek  lifetime  dominates,  by  far,  the 
losses  whereas  during  the  standard  multibunch  filling 
pattern  all  four  contributions  remain  within  the  same 
range.  The  Compton  scattering  of  photons  on  the 
electrons  only  takes  place  if  the  GRAAL  experiment 
(which  shoots  with  a  laser  on  the  beam)  is  in  operation. 
The  beam  line  is  allowed  to  reduce  the  beam  lifetime  by 
no  more  than  20  %. 

-  Other  major  losses  are  experienced  due  to  voluntary 
beam  kill  with  a  scraper  jaw  or  due  to  equipment  failure. 

Only  the  lifetime  losses  and  the  equipment  failures 
contribute  to  radiation  problems  around  the  optic  hutches 
in  user  service  mode  whereas  all  losses  are  responsible 
for  the  chamber  activation  and  radiation  damage  inside 
the  tunnel. 

2  BEAM  LOSS  POSITIONS 

2.1  The  beam  loss  detector  system 

To  detect  the  losses  a  set  of  beam  loss  detectors  were 
installed  around  the  ring.  The  detection  principle  is  based 
on  the  creation  of  light  in  a  scintillator  material  when  a 
high-energy  particle  crosses  the  detector  volume.  To 
suppress  synchrotron  radiation  background  the  scintillator 
material  is  placed  inside  a  protection  of  lead.  Experience 
has  shown  that  the  detector  readings  are  not  very  reliable 
due  to  too  high  synchrotron  radiation  background  and 
damage  caused  during  interventions.  In  addition,  their 
positioning  at  the  entrance  of  the  ID  vessels  did  not  allow 
the  comparison  of  the  losses  from  different  cells  due  to 
the  different  chamber  and  location  configurations.  An 
upgraded  version  with  improved  synchrotron  radiation 
shielding  was  therefore  installed  and  tested.  The  detectors 
are  placed  on  the  tunnel  wall  close  to  end  of  the  straight 
section.  First  results  show  that  the  synchrotron  radiation 
background  is  suppressed  and  that,  in  the  case  of  loss 
changes,  the  signals  of  the  detectors  act  correspondingly. 

2.2  Tune  shift  with  amplitude 

Beam  losses  due  to  Touschek  scattering  were  found  to 
occur  in  the  vertical  plane.  An  explanation  was  found 
upon  investigation  of  the  tune  shift  with  energy.  Electrons 
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with  3.5  %  energy  reduction  find  their  vertical  tune 
reduced  from  the  nominal  11.39  to  11.00.  Given  that  the 
integer  resonance  kills  the  beam,  scattering  effects  with 
energy  losses  finally  lead  to  a  vertical  oscillation. 

This  tune  shift  with  amplitude  effect  was  found  to  be  the 
energy  acceptance  limiting  factor.  Consequently  the 
majority  of  electron  losses  ended  up  in  losses  on  Insertion 
Device  chambers. 

2.3  Scraping  effect  of  a  single  chamber. 

A  vacuum  chamber  of  the  length  2  D  and  half  aperture  d 
has,  for  a  minimum  beta  function  |3  in  the  middle  of  the 

(d2  •  p) / 

chamber,  a  total  acceptance  of  A  =  /(  2  2  V  If 

/\P  +D  ) 

the  beta  function  is  equal  to  half  of  the  length  of  the 
vacuum  vessel  the  total  acceptance  becomes  maximum. 

2.4  Interactions  on  chamber  walls 

Simulations  were  made  to  investigate  the  collision  of  the 
electrons  on  a  chamber  wall.  One  important  result  was 
that  if  the  impact  takes  place  with  a  rather  small  angle  a 
large  part  of  the  electrons  will  be  slightly  scattered  and 
will  only  loose  a  small  fraction  of  their  energy  [1].  These 
electrons  have  the  potential  of  being  lost  downstream. 
This  effect  was  measured  when  closing  a  scraper  jaw. 

3  LOSS  REDUCTION  MEASURES 

-Low  beta  optics:  One  major  change  towards  reduced 
losses  was  the  switch  to  an  optics  with  2.5  m  vertical  beta 
function  in  the  middle  of  the  straight  section.  This  is  the 
optimum  value  in  terms  of  vertical  acceptance  for  the  5  m 
long  vessels.  This  directly  increased  the  vertical  elastic 
gas  scattering  lifetime  and  the  acceptance  for  vertical 
missteering  during  injection. 

-  The  main  filling  pattern  was  changed  from  a  1/3  filling 
(350  bunches)  to  a  2/3  filling  (700  bunch)  thus  doubling 
the  Touschek  lifetime. 

-  The  septum  sheet  was  placed  further  away  from  the 
beam  (19.5  mm  instead  of  13.5  mm).  This  increased  the 
transverse  acceptance  and  therefore  the  Touschek  and 
inelastic  gas  scattering  lifetime. 

-For  any  operating  mode,  the  refill  consists  of  a  topping- 
up  and  does  not  require  to  kill  the  stored  beam. 

-  Limitation  on  injected  beam:  In  order  to  comply  with 
the  maximum  authorised  dose  rate  in  the  experimental 
hall,  and  based  on  the  radiation  measured  on  the  roof  of 
the  tunnel  in  case  of  localised  loss,  the  amount  of  injected 
electrons  into  the  storage  ring  was  limited  to  12  pC  per 
four  hour  period. 

4  PROTECTION  WITH  SCRAPERS 

Closing  vertical  jaws  proved  to  be  very  efficient  in 
removing  the  large  majority  of  losses  from  the  low 
aperture  insertion  device  vessels.  However,  closing 


horizontal  jaws  also  proved  to  help  because  this  localises 
the  losses  due  to  the  transverse  acceptance  limitation.  A 
strategy  was  adapted  which  consists  in  closing  all 
available  scraper  jaws  to  a  position  which  hardly  reduces 
the  lifetime  during  stable  stored  beam.  During  injection 
the  scraper  jaws  are  closed  even  further  to  the  limit  of 
reducing  the  injection  efficiency. 

A  new  design  for  scrapers  with  appropriate  shielding  is 
being  developed. 

5  AGEING  ISSUES  &  MAINTENANCE 
5.1  Introduction 

For  a  source  which  delivers  5600  hours  per  year  of  X-ray 
beam  to  40  beamlines,  the  availability  and  the  Main  Time 
Between  Failures  (MTBF)  must  be  as  high  as  possible, 
which  is  a  major  challenge.  We  can  assess  that  these  goals 
are  achieved  at  the  ESRF  since  the  availability  in  1998 
reached  95.3  %  for  a  MTBF  of  31  hours.  In  the  remaining 
4.7  %,  only  3.7  %  is  due  to  faults  and  1  %  represents  the 
dead  time  due  to  refills.  Great  care  is  therefore  necessary 
to  maintain  this  good  performance  at  its  present  level, 
requiring  significant  preventive  maintenance. 

In  addition,  as  explained  above,  a  failure  of  equipment  is 
synonymous  to  a  beam  kill  and  hence  participates  in  the 
generation  of  radiation.  This  is  also  a  good  incentive  to 
optimise  the  preventive  maintenance  strategy. 

5.2  Preventive  and  curative  maintenance 

We  can  classify  the  failures  into  two  types:  those  that  last 
a  long  time  (affecting  the  beam  availability  of  the 
Machine)  and  those  which  are  repetitive  (with  a  greater 
effect  on  the  MTBF).  For  this  second  class  of  failures, 
which  create  most  of  the  doses  due  to  ‘beam  kills’, 
priority  is  given  to  our  strategy  of  preventive  actions. 

-  The  first  system  concerned  is  the  Radio  frequency 
equipment  (40  %  of  the  total  down  time).  As  a 
preliminary  step,  a  third  RF  unit  (including  a  klystron  and 
a  pair  of  cavities)  was  added  in  the  Storage  Ring.  In 
normal  operation,  two  klystrons  feed  six  cavities.  This 
configuration,  which  is  oversized  with  respect  to  our 
needs,  enables  the  operation  of  each  klystron  below  its 
maximum  capacity  and  allows  to  distribute  the  power  to 
six  cavity  couplers  instead  of  four.  Since  then,  the  ‘RF 
crowbars’  which  were  the  first  cause  of  beam  failures 
when  operating  close  to  the  limits  on  both  klystron  and 
cavities,  have  completely  disappeared.  At  the  same  time, 
more  protective  interlocks  (RF  arc  detections)  were 
integrated  into  the  RF  equipment,  which  on  the  one  hand 
reduced  the  possibility  of  major  failures,  but  on  the  other 
increased  the  frequency  of  beam  trips.  Fine  tuning  of  the 
threshold  of  these  interlocks  had  to  be  done  to  suppress 
wrong  triggering.  Finally  the  upgrading  of  the  RF  control 
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system,  with  fast  data  logging,  proved  to  be  very  helpful 
in  tracing  the  origin  of  the  trips. 

-  Another  source  of  frequent  trips  came  from  the  vacuum 
controllers  which  were  reading  wrong  values  from 
vacuum  gauges,  triggering  the  closure  of  sector  valves. 
Weaknesses  in  the  electronic  design  were  found  which 
were  enhanced  by  a  non  optimised  shielding  of  the  tunnel 
cables  against  the  propagation  of  electromagnetic 
perturbations.  Since  then,  all  gauge  controllers  have  been 
replaced  and  indeed,  for  one  year  now,  the  Machine  has 
not  been  perturbed  by  problems  of  this  type.  Moreover,  a 
systematic  modification  of  the  cables  arrangement  inside 
the  tunnel  which  aims  at  reinforcing  the  shielding  against 
EMC  perturbations  has  begun. 

5.3  Ageing  issues 

Most  of  the  equipment  is  now  eight  years  old  and  ageing 
effects  have  started  to  become  apparent. 

-Several  small  vacuum  leaks  have  started  to  appear  since 
the  end  of  1997.  The  cause  for  these  leaks  was  found  to 
be  a  very  slow  corrosion  process  developing  in  the 
thickness  of  the  stainless  steel  very  likely  caused  by  a 
welding  agent  which  was  badly  removed  at  the  time  of 
manufacture  of  these  vacuum  vessels.  Some  of  these 
leaks  were  temporarily  fixed  with  “varnish”  and  a  batch 
of  spare  vessels  was  ordered. 

-  A  lot  of  blockage  problems  have  been  encountered  with 
the  various  water  cooling  circuits  and  reduced  flow  rates 
have  frequently  been  experienced.  The  latter  have  been 
recovered  either  by  reversing  the  flow  direction  or  by 
flushing  the  pipes  with  acid,  which  was  particularly 
necessary  on  the  small  diameter  pipes.  We  are  currently 
carrying  out  an  analysis  of  the  small  particles  present  in 
the  water  circuit  which  are  responsible  for  the  blockages. 

-  A  complete  review  of  the  spare  parts  has  been 
undertaken  for  all  equipment  and  spares  have  been 
ordered  for  all  critical  items.  Amongst  others,  this 
concerns  electronic  power  components  which  appeared  to 
have  become  obsolete  and  the  procurement  of  which  is 
time  consuming. 

5.4  Radiation  damages 

On  a  light  source,  radiation  damages  can  be  induced 
either  by  “conventional  radiation”,  generated  by  the  lost 
electrons  (cascade)  or  by  the  intense  X-rays  which  are 
emitted  (or  scattered)  essentially  on  the  beam  axis  plane. 
The  crotch  area  (downstream  the  bending  magnet)  is  the 
area  were  the  highest  X-ray  dose  is  generated. 

Since  the  first  beam  in  1992,  about  4000  Amp.hours  of 
electron  beam  current  have  been  integrated  and  are 
producing  synchrotron  radiation  (0.1  to  100  KeV),  part  of 
which  hits  equipment  in  the  tunnels.  During  the  first  years 
of  the  Machine,  some  lead  protection  was  progressively 
installed  to  shield  some  sensitive  equipment  located  close 


to  the  medium  plane  (BPM/RF  multiplexers,  insertion 
devices  optical  encoders,  ..).  However,  in  1998,  the  first 
disturbing  effects  associated  with  radiation  damages 
really  began  to  appear  : 

-  Crazy  readings  of  vacuum  pressure  levels:  Several 
cables  of  Penning  gauges  were  seriously  toughened  due 
to  radiation  and  their  insulation  sheaths  no  longer 
performed  their  function.  Since  then,  several  of  these 
cables  have  been  found  damaged  and  have  been  replaced. 
A  systematic  check  is  now  done  at  every  Machine 
shutdown.  Furthermore,  other  cables  driving  low  level 
signals  such  as  magnet  interlock  have  also  been  found 
damaged  in  areas  close  to  the  beam. 

-  On  this  occasion,  we  also  found  that  most  of  the 
insulating  sheaths  of  the  sextupoles  conductors  had 
started  to  become  brittle.  Those  which  were  more  heavily 
damaged  were  immediately  covered  with  a  radiation- 
proof  sheath.  As  a  measure  of  preventive  maintenance,  all 
of  the  similar  conductors  have  been  re-insulated. 

-  Rather  more  serious  problems  occurred  with  the  water 
flexible  hoses.  Guarantied  to  be  “radiation  resistant”  most 
of  them  did  not  present  any  externally  visible  signs  of 
ageing  due  to  radiation.  However,  one  after  the  other 
several  of  them  tore  (creating  five  water  leaks  in  less  than 
one  year).  Indeed,  we  discovered  that  the  inner  part  of  the 
hose  had  turned  brown  and  had  hardened.  Once  again,  all 
the  hoses  that  were  most  exposed  were  immediately 
replaced  with  another  type  of  “radiation-proof’  water 
pipe.  This  costly  operation  (~  12$/meter  for  the  pipe) 
represented  a  workload  of  1200  man-hours. 

6  SUMMARY 

The  analysis  of  the  loss  mechanisms  lead  to  the 
conclusion  that  the  majority  of  losses  take  place  on  the 
small  aperture  insertion  device  chambers.  Closing  scraper 
jaws  was  found  to  be  efficient  in  concentrating  the  losses 
on  less  critical  points.  Furthermore  several  improvements 
enabled  to  reduce  the  amount  of  losses.  Following  the 
success  of  the  actions  taken,  half  of  the  straight  sections 
are  now  operated  with  11 -mm  inner  vertical  aperture 
vessels  without  problems.  In  addition,  several  8-mm  inner 
vertical  aperture  vessels  are  now  installed  and  in  their  test 
phase.  In  order  to  limit  the  number  of  beam  kills  due  to 
failures,  several  preventive  and  curative  actions  took 
place.  Following  the  first  effects  of  irradiation  on  some 
material  located  in  the  tunnels  in  1998,  actions  were 
quickly  undertaken  to  resolve  these  problems.  We  expect 
to  see  the  first  beneficial  effects  in  1999. 

[1]  Behaviour  of  the  beam  in  incident  collisions  with  the  scraper,  T. 
Gtinzel,  ESRF  technical  note  10-96  Theory,  July  1996 
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STATUS  REPORT  OF  THE  ESRF 

JM.  Filhol,  L.  Hardy,  U.  Weinrich,  ESRF,  Grenoble,  France 


Abstract 

The  ESRF  accelerators  have  been  in  full  routine  operation 
for  more  than  four  years.  The  source  delivers  5600  hours 
of  X-ray  beam  to  nearly  40  beam  lines  simultaneously. 
Our  first  goal  is  to  ensure  good  availability  of  the 
Machine  as  well  as  a  satisfactory  Mean  Time  Between 
Failures  (MTBF).  A  third  RF  unit  has  been  installed 
which,  amongst  other  advantages,  allows  Landau 
damping  from  active  modulation.  A  fast  global  feedback 
system  to  reduce  the  fast  distortion  of  the  closed  orbit  in 
the  vertical  plane  has  been  put  into  operation  and  is 
giving  results  as  expected.  New  filling  patterns  have 
been  assessed  and  the  Machine  was  successfully  operated 
at  4  GeV  (instead  of  the  nominal  energy  of  6  GeV)  in 
March  1999.  Two  years  ago  [1]  several  challenging 
short-term  goals  were  defined.  Most  of  them  have  been 
achieved  or  are  actually  in  progress.  The  results  are  given 
below. 

1  INTRODUCTION:  THE  ESRF  TODAY 

Three  new  associated  members  recently  joined  the  ESRF 
(Portugal,  Israel  and  Czech  Republic)  bringing  to  15  the 
number  of  participating  countries.  The  construction 
phase  finished  in  December  1998  and  the  Operation 
phase  then  started.  37  beam  lines  (open  to  external  Users) 
are  now  fully  operational  and  three  others  are  foreseen 
before  year  2001.  There  are  currently  54  insertion 
devices  installed  in  the  Storage  Ring,  which  represent  an 
integrated  length  of  85  metres.  The  number  of  shifts 
requested  for  experiments  on  the  beamlines  is 
approximately  2.5  times  more  than  the  ESRF  can  offer 
(5600  hours  of  beam  time  for  Users  in  1998).  This 
justifies  why  the  Machine  Division’s  first  goal  is  to 
ensure  a  high  availability  and  Mean  Time  Between 
Failures  whilst  continuing  challenging  developments 
without  disturbing  the  operation  of  the  Machine. 

2  MACHINE  OPERATION 

The  number  of  hours  in  User  Service  Mode  (USM)  has 
gradually  increased  from  3000  hours  in  1994  to  5600 
hours  in  1998.  The  major  challenge  over  this  four  year 
period  has  been  to  increase  the  beam  availability 
(percentage  of  scheduled  time  that  beam  is  supplied  for 
user  operation)  as  well  as  the  MTBF.  We  can  consider 
that  these  goals  have  been  achieved  since  the  availability 
in  1998  reached  95.3  %  (the  highest  score  ever  obtained 
at  the  ESRF)  for  a  MTBF  of  31  hours.  Out  of  the 
remaining  4.7  %,  only  3.7  %  is  due  to  faults  and  1  % 


represents  dead  time  due  to  refills.  Great  care  is  taken  to 
maintain  this  good  performance,  implying  both 
preventive  maintenance  and  upgrading  of  equipment  [2]. 

3  RECENT  DEVELOPMENTS 
IMPROVING  THE  MACHINE 
PERFORMANCES 

•  Fast  Global  feedback 

In  November  1998  a  fast  global  orbit  correction  system 
was  put  into  operation.  Its  goal  is  to  reduce,  in  the 
vertical  plane,  the  fast  distortions  of  the  closed  orbit  due 
to  mechanical  vibrations  of  the  girders  supporting  the 
quadrupole  magnets  of  the  Storage  Ring.  Indeed,  the 
parasitic  motion  of  the  beam  due  to  these  vibrations  must 
be  kept  at  values  as  low  as  possible  to  avoid  spoiling  the 
good  emittance  figures  so  far  achieved:  ex=  4  nm  rad  and 
ez  =  30  pm  rad.  The  three  main  peaks  of  vibrations  were 
observed  at  7  Hz,  30  Hz  and  60  Hz.  This  is  why  the 
bandwidth  of  this  correction  system  has  been  set  between 
10'2  and  100  Hz.  This  system  uses  16  BPMs  and  16 
correctors  to  correct  the  orbit  at  a  4.4  kHz  rate.  This 
proved  to  work  successfully  (it  is  mostly  efficient  on  the 
lowest  frequency  orbit  distortions  which  are  the  most 
harmful  for  the  users)  and  is  now  fully  operational.  The 
damping  factor  is  up  to  10  at  7  Hz  and  2.5  when 
averaging  all  frequencies  up  to  100  Hz.  The  feedback 
brings  the  amplitude  of  the  fast  beam  vertical  position 
down  to  1  pm  rms  all  around  the  ring,  as  measured  by 
independent  fast  beam  position  monitors,  to  be  compared 
to  the  10  pm  vertical  beam  size  (rms).  [4] 

•  Fast  Local  feedback 

At  the  request  of  a  beam  line,  a  local  fast  horizontal  beam 
position  feedback  was  installed  on  one  straight  section  of 
the  Machine.  This  system  uses  two  BPMs  to  measure  the 
horizontal  electron  beam  position  at  both  ends  of  the 
ID24  straight  section  and  four  fast  steerer  dipole  magnets 
to  produce  a  local  correction  bump  (a  closed  bump  which 
does  not  change  the  closed  orbit  on  the  rest  of  the 
machine).  The  amplitude  of  the  vibration  was  reduced 
from  13  pm  (rms)  to  1.1  pm,  to  be  compared  to  the  400 
pm  horizontal  beam  size  (rms). 

•  Installation  of  a  third  RF  unit 

In  the  second  half  of  1997,  a  new  1.3  MW  transmitter, 
feeding  a  third  pair  of  cavities,  was  put  into  operation  on 
the  ESRF  storage  ring.  With  this  third  transmitter  the 
total  accelerating  voltage  increased  from  8  to  12  MV.  In 
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addition,  by  modulating  the  RF  voltage  at  the  revolution 
frequency  with  this  third  unit  it  is  possible  to  produce 
additional  Landau  damping  of  longitudinal  multibunch 
oscillations.  At  the  same  time,  this  unit  provides  a 
redundancy  to  guarantee  a  smooth  operation  of  the  ESRF 
in  case  of  a  major  intervention  on  one  transmitter.  A  new 
associated  control  system  was  developed  and 
commissioned  in  parallel. 

Another  great  advantage  of  the  redundancy  is  that  one  of 
the  RF  transmitters  can  be  used  to  perform  klystron 
testing  on  a  dummy  load  (due  to  a  system  of  wave-guide 
switches). 

•  Installation  of  8  mm  (inner  vertical  height)  vacuum 
vessels 

Following  the  reduction  of  the  vertical  (3  function  in  all 
straight  sections,  new  vacuum  vessels  (5  metres  long, 
8  mm  high)  have  been  developed  enabling  the  gap  of  the 
corresponding  insertion  devices  to  be  closed  down  to 
1 1  mm.  These  stainless  steel  vacuum  vessels  are  copper- 
plated  to  minimize  their  contribution  to  the  impedance  of 
the  Machine.  Two  of  these  vacuum  vessels  are  now 
installed  on  the  Storage  Ring.  First  of  all  they  are  put  in  a 
dedicated  straight  section  for  several  weeks  to  condition 
them  after  which  time  they  are  moved  to  the  required 
straight  section.  Others  will  be  installed  in  the 
forthcoming  months. 

•  Longitudinal  instabilities  and  fighting  the  HOMs. 
Many  efforts  are  being  made  to  improve  our 
understanding  of  HOMs  and  to  avoid  them  developing  in 
our  cavities,  mainly  in  multibunch  mode  at  high  intensity. 
One  way  of  destroying  the  coherence  of  the  participating 
particles  is  to  spread  out  the  synchrotron  frequencies  of 
the  electrons  of  different  bunches.  This  can  be  achieved 
by  filling  the  ring  in  a  non-uniform  way  (with  fractional 
filling  patterns).  This  is  done  to  deliver  high  intensity  in 
multibunch  mode,  where  two  thirds  of  the  bunches  are 
filled  (2/3ri  filling  mode). 

Another  way  is  to  produce  Landau  damping  from  active 
modulation.  Owing  to  the  new  RF  system,  this  is  possible 
by  driving  one  pair  of  RF  cavities  at  fRF  +fo,  (one 
revolution  frequency  above  the  RF  frequency).  This 
method  is  now  used  to  deliver  the  beam  in  multi-single 
bunch  mode  (16  or  32  bunches  equally  spaced). 

New  cooling  devices  were  designed  to  regulate  accurately 
the  temperature  of  the  RF  cavities,  thereby  tuning  away 
the  HOMs.  These  devices  are  now  in  operation  on  the 
Machine  and  permit  high  intensity  (200  mA)  with 
uniform  or  symmetrical  filling  patterns. 

4  BEAM  MODES  AND  FILLING 
PATTERNS 

The  preferred  mode  for  the  Users  is  indisputably  the  2/3 
filling  mode  for  which  a  high  intensity  of  200  mA  with  a 
good  lifetime  approaching  55  hours  can  be  delivered. 
However,  other  time-structured  modes  such  as  the  single 
bunch  (16  mA  with  a  lifetime  of  5  hours)  and  the  16- 


bunch  mode  (90  mA  with  a  lifetime  of  8  hours)  remain  of 
great  interest  for  a  few  beamlines.  The  compromise 
between  the  two  kinds  of  modes  (high  intensity  or  time- 
structured)  is  the  hybrid  mode  (200  mA,  1/3  filling  +  1 
single  bunch  opposite  the  bunch  train).  Two  years  ago, 
the  drawback  of  this  mode  was  the  long  refill  time  (about 
20  minutes)  due  to  the  necessity  to  kill  the  parasitic 
bunches  around  the  single  bunch  (cleaning  process). 
Since  then,  a  new  cleaning  method  (selective)  has  been 
developed  and  even  allows  a  topping-up  in  this  mode 
which  takes  about  10  minutes.  The  quality  of  these  time- 
structured  modes  remains  very  high  with  an  excellent 
purity  (no  parasitic  bunches)  routinely  measured  below 
10'7  and  sometimes  even  down  to  1010. 

At  the  request  of  one  beamline,  which  requires  time 
structure,  a  new  fractional  filling  pattern  was  tried:  the 
two  times  1/3  filling,  i.e.  2  bunch  trains  (350  bunches) 
separated  by  150  unfilled  bunches.  This  mode,  which  is 
close  to  a  uniform  full  filling,  required  pushing  the 
intensity  thresholds  due  to  HOMs  (longitudinal  coupled 
bunch  instability).  As  a  result  of  the  new  cooling  systems 
installed  on  the  RF  cavities  this  was  easily  achieved: 
200  mA  were  reached  without  any  sign  of  instability  with 
the  same  lifetime  as  in  2/3rd  filling  mode  (55  hours  at  that 
time).  In  agreement  with  the  Users,  several  shifts  were 
successfully  delivered  recently  in  this  mode. 

Investigations  are,  however,  also  being  made  into  the 
possibility  of  achieving  both  a  real  time-structured  mode 
and  a  high  intensity  (for  the  flux)  whilst  keeping  a  high 
level  of  purity.  This  means  remaining  far  from 
instabilities  but  maintaining  enough  current  per  bunch  to 
be  able  to  discriminate  and  kill  the  unwanted  parasitic 
bunches.  Up  to  now,  the  best  compromise  which  matches 
all  the  constraints  was  32  groups  of  4  bunches  with  1 .25 
mA  in  each  bunch  (total  intensity  of  160  mA).  The 
instabilities  were  avoided  by  driving  one  pair  of  RF 
cavities  in  active  modulation  mode  (frequency  fRF  +fo) 
and  a  perfect  cleaning  was  obtained.  This  mode  will  be 
proposed  to  our  Users  in  the  coming  months. 


•  Operating  the  ESRF  at  4  GeV 
By  reducing  the  energy  of  the  storage  ring  from  the 
nominal  6  GeV  to  4  GeV,  record  emittance  values  were 
achieved  :  ex=  1 .7  nm  rad  and  ez=  12  pm  rad  . 

Even  if  the  corresponding  photon  flux  is  significantly 
reduced  at  an  X-ray  energy  above  10  KeV,  the  gain  in 
brilliance  and  the  corresponding  increased  coherence 
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properties  of  the  X-ray  beam  could  be  interesting  for 
some  specific  experiments.  It  is  for  this  reason  that  two 
days  of  beam  delivery  at  4  GeV  at  the  beginning  of 
March  were  proposed.  To  achieve  reasonable 
performances  at  4  GeV,  careful  machine  tuning  had  to  be 
made,  and  in  particular  to  raise  the  HOMs  threshold.  100 
mA  were  achieved  (in  2/3rd  filling  mode)  with  a  lifetime 
of  10  hours  (essentially  limited  by  Touschek  effect).  A 
lot  of  beam  line  teams  took  advantage  of  the  beam  to 
perform  experiments  up  to  30  KeV,  operating  their 
insertion  devices  on  very  high-ranking  harmonics  (up  to 
the  21st).  Although  it  is  not  intended  to  change  the 
nominal  energy  of  the  ESRF  storage  ring,  again  this 
demonstrated  the  high  flexibility  of  our  accelerators. 

5  NEXT  GOALS 

•  RF  fingers  test  bench 

In  multi-single  bunch  mode  (16  bunch  or  32  bunch 
mode),  the  maximum  intensity  of  90  mA  is  mainly 
limited  by  the  overheating  and  the  consequent  outgassing 
of  some  of  the  RF  liners  of  the  vacuum  chambers  (due  to 
damage).  There  is  reason  to  believe  that  the  design  of  the 
RF  liners  could  be  improved  in  order  to  push  this 
limitation  further.  This  is  why  in  December  1998,  one 
part  of  a  straight  section  was  equipped  with  an  RF  finger 
test  bench.  Two  different  RF  fingers  can  be  put  on  the 
bench  at  the  same  time  and  a  thorough  on-line  check  is 
possible  by  monitoring  vacuum  and  RF  parameters 
(temperature  monitoring  with  infrared  cameras,  several 
thermocouples  and  RF  pick-ups).  The  goal  is  to 
characterize  experimentally  the  behaviour  of  our  RF 
fingers.  This  will  improve  our  understanding  of  the 
origin  of  the  limitations  of  those  damaged  and  enable  us 
to  define  which  need  to  be  replaced  and  what 
improvements  can  be  made.  This  test  bench  is  very 
appealing  since  the  RF  fingers  can  be  exchanged  during  a 
Machine  Dedicated  Day  and  therefore  many  tests  can  be 
done  in  a  short  period.  Conclusive  results  are  expected 
during  1999. 

•  RF  waveguide  extension 

A  project  is  in  progress  to  extend  the  waveguide  network 
so  that  one  given  RF  klystron  of  the  storage  ring  can 
replace  its  neighbouring  RF  unit  or  even  feed  the  booster 
RF  cavities.  This  will  allow  a  high  level  of  redundancy 
that  will  permit  SR  operation  to  be  safeguarded  even  in 
case  of  a  major  failure  on  any  single  transmitter. 

•  Reduction  of  the  coupling 

Significant  work  has  been  carried  out  on  a  new  method  of 
correcting  the  coupling,  based  on  the  exploitation  of  the 
orbit  cross-talk  response  matrix.  According  to 
simulations,  it  was  found  that  by  placing  16  skew 
correctors  around  the  Machine  at  optimized  positions,  the 
actual  coupling  (1  %)  can  be  reduced  to  as  low  as  0.05  %. 
Therefore,  it  was  decided  to  install  16  additional  skew 
correctors,  symmetrically  distributed.  This  gives  a  total 


of  32  skew  correctors  now  installed  on  the  Machine. 
With  this  method,  a  vertical  emittance  of  about  20  pm.rad 
was  reached  (corresponding  to  a  coupling  of  0.6  %)  [3]. 
Another  method  was  developed,  in  parallel,  based  on  an 
empirical  minimization  of  the  coupling  by  reading  the 
vertical  emittance  on  two  pinhole  cameras.  A  vertical 
emittance  of  13  pm  rad  was  reached  (corresponding  to  a 
coupling  of  0.3  %). 

Further  studies  will  be  performed  to  understand  the 
limitations  which  presently  prevent  us  from  achieving  a 
lower  coupling. 

•  New  windows  on  Front  ends 

Some  straight  sections  are  equipped  with  three  undulator 
segments  (integrated  length  of  5  metres),  and  it  is  planned 
to  close  their  gaps  to  the  minimum  (1 1mm)  as  soon  as  an 
8-mm  high  vacuum  chamber  has  been  installed  on  their 
respective  straight  sections.  This  will  result  in  a 
significant  increase  in  the  power  density  to  be  transmitted 
or  stopped  by  the  front-ends:  300  kW/mr2,  to  be 
compared  with  the  present  140  kW/mr2.  New  X-ray 
absorbers  and  window  configurations  have  been  designed 
and  will  be  tested  during  the  year,  at  such  a  high  power 
density. 


6  SUMMARY  AND  CONCLUSIONS 

Our  main  goal  is  to  provide  a  reliable  delivery  of  the  X- 
ray  beam.  Year  after  year  we  can  claim  that  this  is  the 
case.  1998  was  the  apogee  since  it  ended  with  an 
availability  of  95.3  %  for  a  MTBF  of  31  hours.  At  the 
same  time  the  challenge  is  to  continue  developments  on 
the  Machine  without  disturbing  operation.  The  goals  are 
to  both  improve  the  beam  characteristics  and  to  upgrade 
the  equipment.  Through  several  examples  we  have 
demonstrated  that  this  is  possible  and  that  a  balance  can 
be  found  between  operation  and  developments.  We  have 
also  seen  that  the  developments  have  had  a  direct 
repercussion  on  the  beam  quality.  Consequently,  we  plan 
to  continue  the  same  policy  in  the  forthcoming  years. 
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We  developed  a  model  calibration  method  to  measure  the 
betatron  function  and  phase  of  a  large  storage  ring.  The 
results  of  applying  this  method  to  the  SPring-8  storage  ring 
will  be  presented. 


1  MODEL  CALIBRATION  METHOD 

In  third  generation  light  sources,  such  as  the  SPring-8  stor¬ 
age  ring,  it  is  important  to  measure  various  errors  which 
deteriorate  the  quality  of  a  stored  beam.  For  example,  fo¬ 
cusing  errors  coming  from  quadrupole  field  enrors  or  from 
sextupole  misalignments  generate  distortions  of  linear  op¬ 
tics,  coupling  of  horizontal  and  vertical  betatron  oscilla¬ 
tions  and  spurious  dispersion  in  the  vertical  direction. 

A  most  conventional  method  of  measuring  the  betatron 
function  of  a  storage  ring  will  be  to  vary  the  strength  of  a 
quadrupole  magnet  and  detect  the  betatron  tune  shift.  This 
method  however  requires  a  magnet  power  supply  system 
that  allows  us  to  control  the  strength  of  each  quadrupole 
magnet  independently.  Furthermore,  the  betatron  function 
is  obtained  only  at  the  position  of  quadrupole  magnets. 

Another  method  also  used  commonly  is  to  measure  the 
response  matrix  of  a  ring  and  use  this  data  to  fit  the  beta¬ 
tron  function  and  phase.  Here,  the  response  matrix  Rij  = 
R(si,Sj)  is  defined  as  the  orbit  change  at  the  BPM  posi¬ 
tion  Si  for  a  unit  kick  given  at  the  steering  magnet  position 
Sj.  This  method  has  a  merit  that  BPM  offsets  are  auto¬ 
matically  canceled  and  the  betatron  function  and  phase  are 
obtained  consistently  at  the  positions  of  BPMs  and  steering 
magnets.  However,  the  accuracy  of  measurements  could  be 
dominated  by  calibration  errors  of  BPMs  and  steering  mag¬ 
nets. 

We  then  developed  a  method  by  combining  the  response 
matrix  and  a  model  of  the  ring  simplified  suitably  for  the 
SPring-8  storage  ring.  The  point  of  our  approach  (Model 
Calibration  Method:  MCM[1],[2],[3])  is  that  as  fitting  pa¬ 
rameters  of  the  ring  we  do  not  use  the  betatron  function 
itself  nor  individual  focusing  errors  generated  by  each  qau- 
drupole  or  sextupole  magnet.  Instead,  we  use  effective  fo¬ 
cusing  errors  given  by  integrating  individual  errors  over 
some  magnets.  In  addition  to  such  focusing  errors,  we  in¬ 
troduce  calibration  factors  of  BPMs  and  steering  magnets 
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where  cr*  is  the  rms  noise  of  the  z-th  BPM.  For  calculating 
odel)  as  a  function  of  the  fitting  parameters,  we  devel¬ 
oped  a  simulation  code  based  on  the  RACETRACK[4]. 

As  seen  from  Eq.  3  the  accuracy  of  fitting  largely  de¬ 
pends  on  the  accuracy  of  BPMs.  In  the  SPring-8  storage 
ring  the  value  of  <7*  has  been  measured  at  each  BPM  by  us¬ 
ing  a  stored  beam  and  the  results  show  that  ct,  takes  a  value 
between  2fim  and  5fim,  depending  on  the  BPM  position, 
in  both  horizontal  and  vertical  directions. 


2  MODEL 

In  the  SPring-8  storage  ring  there  are  288  BPMs,  285  hor¬ 
izontal  and  283  vertical  steering  magnets,  480  quadrupole 
magnets  and  336  sextupole  magnets.  Then,  a  direct  appli¬ 
cation  of  MCM  requires  a  huge  memory  size  and  a  very  fast 
CPU  to  computers.  Furthermore,  as  will  be  shown  later,  an 
individual  focusing  error  that  each  quadrupole  or  sextupole 
magnet  generates  can  not  be  distinguished  by  the  present 
resolution  of  BPMs. 

To  overcome  these  difficulties,  we  introduced  a  model 
of  the  ring  in  which  a  suitable  number  of  integrated  focus¬ 
ing  errors  are  distributed.  The  total  number  of  errors  was 
chosen  to  be  240,  which  should  be  compared  with  the  total 
number  of  quadrupole  and  sextupole  magnets  (816).  This 
number  of  240  was  fixed  with  the  help  of  computer  sim¬ 
ulations  in  the  following  way:  First,  we  checked  how  fine 
we  can  distinguish  the  focusing  errors  by  using  the  present 
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BPM  system.  The  results  show  that  the  expected  resolution 
is  1.3  x  10-3m-1  when  the  response  matrix  data  is  taken 
by  using  a  single  kick  of  0.05mrad.  This  resolution  is  too 
coarse  to  distinguish  an  expected  individual  error  of  about 
2  x  10“4m-1  that  each  quadrupole  or  sextupole  magnet 
will  generate.  This  result  indicates  the  necessity  of  intro¬ 
ducing  integrated  focusing  errors  into  our  model. 

We  then  searched  an  optimum  number  and  distribution 
of  integrated  focusing  errors,  taking  account  of  the  beta¬ 
tron  phase  advance  in  both  horizontal  and  vertical  direc¬ 
tions.  Figure  1  shows  how  we  can  improve  the  accuracy  of 
fitting  of  the  betatron  function  and  phase  by  increasing  the 
number  of  distributed  focusing  errors  in  a  unit  cell.  Note 
that  even  if  we  increase  the  number  of  errors  per  unit  cell 
beyond  5,  the  accuracy  of  fitting  is  not  improved  any  more. 
This  level  of  accuracy  is  determined  by  resolutions  of  the 
present  BPM  system.  We  then  fixed  the  number  of  errors 
per  unit  cell  to  be  5.  We  remark  that  the  lattice  structure 
of  the  SPring-8  storage  ring  is  of  the  double-bend  achro- 
mat  type,  and  within  a  unit  cell  there  are  three  girders  sepa¬ 
rated  by  two  bending  magnets.  The  betatron  phase  advance 
within  the  first  and  third  girder  is  small  and  a  single  error 
source  was  assigned  to  these.  On  the  other  hand,  the  be¬ 
tatron  phase  advance  within  the  second  girder  is  large  and 
we  assigned  three  error  sources  to  this.  In  such  a  model,  the 
accuracy  of  determining  the  betatron  functions  is  expected 
to  be  better  than  1%  as  seen  from  Figure  1. 


Number  of  Focusing  Errors  Per  Cell 

Figure  1 :  The  accuracy  of  fitting  as  a  function  of  the  num¬ 
ber  of  integrated  focusing  errors  per  unit  cell. 

We  note  that,  in  addition  to  the  errors  randomly  dis¬ 
tributed  along  the  ring,  there  can  be  systematic  errors  aris¬ 
ing  from,  e.g.,  incompleteness  of  the  model.  An  estimation 
of  such  errors  is  generally  difficult  and  the  model  finally 
obtained  by  MCM  should  be  tested  by  some  means. 

We  also  remark  that  the  coupling  ratio  of  horizontal  and 
vertical  betatron  oscillations  has  been  deduced  experimen¬ 
tally  [5]  and  the  results  show  that  the  ratio  is  much  smaller 
than  1%.  We  then  neglected  the  coupling. 

3  RESULTS  AND  DISCUSSION 

All  elements  of  the  response  matrix  were  measured  in  1 1 
hours  by  giving  a  single  kick  of  0.05mrad  to  the  stored 
beam.  This  kick  angle  was  determined  by  requiring  that 
a  nonlinear  behavior  of  the  ring  is  sufficiently  suppressed 


and  the  difference  of  two  orbits  is  measured  with  enough 
resolutions.  Since  the  total  amount  of  the  data  was  huge, 
we  divided  it  into  four  parts  according  to  the  position  of 
excited  steering  magnets.  A  quarter  of  the  data  was  then 
used  for  applying  MCM  and  this  procedure  was  repeated 
four  times  to  cover  the  whole  ring. 

In  Fig.  2  we  show  correlation  between  measured  and 
model  response  matrix  elements.  The  model  response  ma¬ 
trix  was  calculated  in  two  ways  -  with  (right)  and  with¬ 
out  (left)  application  of  MCM.  We  see  that  the  model  re¬ 
sponse  matrix  has  been  improved  by  applying  MCM:  the 
rms  value  of  the  difference  between  measured  and  model 
response  matrix  elements  is  reduced  from  81/zm  to  3. 3 pm 
in  the  horizontal  direction  and  from  85 pm  to  3.8 pm  in  the 
vertical  direction.  This  means  that  MCM  almost  converged 
to  the  level  of  the  present  resolution  of  BPMs. 


Figure  2:  Correlation  between  measured  and  model  re¬ 
sponse  matrix  elements. 


Figure  3:  Focusing  error  distribution  of  the  ring. 

A  distribution  of  effective  focusing  errors  in  the  ring  and 
calibration  factors  of  BPMs  and  steering  magnets  were  esti¬ 
mated,  and  the  results  are  shown  in  Fig.  3,  Fig.  4  and  Fig.  5, 
respectively. 

In  Fig.  5,  we  see  that  some  vertical  steering  magnets  have 
a  large  deviation  of  the  gain  factor  from  unity.  The  reason 
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Figure  4:  Gain  factors  of  BPMs. 


Serial  Number  of  Steering  Magnet 

Figure  5:  Gain  factors  of  steering  magnets. 


for  this  was  found  to  be  the  effect  of  a  neighboring  magnet 
settled  close  to  these  steering  magnets:  a  fast  kicker  mag¬ 
net  or  an  auxiliary  corrector  magnet  for  an  insertion  device. 
This  was  checked  experimentally  by  making  a  local  bump 
orbit  and  observing  its  leakage  with  and  without  taking  ac¬ 
count  of  the  gain  factors.  When  we  took  account  of  the 
gain  factors  of  the  steering  magnets,  the  leakage  of  a  bump 
orbit  was  reduced  as  expected. 

A  part  of  the  betatron  function  is  shown  in  Fig.  6  by  solid 
curves.  For  comparison,  we  also  show  model  calculations 
without  applying  MCM  by  dashed  curves.  We  see  that  dis¬ 
tortions  of  the  solid  curves  are  very  small.  The  horizon¬ 
tal  and  vertical  betatron  tunes  of  the  ring  corresponding  to 
the  solid  curves  are  5 1 .235  and  16.308,  respectively,  which 
agree  well  with  experimental  values  51.234  and  16.307. 

To  check  the  betatron  functions  thus  obtained,  we  mea¬ 
sured  their  values  at  some  quadrupole  magnets  by  chang¬ 
ing  their  strength  independently  and  detecting  the  betatron 
tune  shifts.  In  Fig.  7  measured  values  at  10  quadrupole 
magnets  in  one  unit  cell  are  plotted  and  compared  with  the 
MCM  results.  In  addition  to  these  local  measurements,  we 
also  measured  average  values  by  changing  the  strength  of 
48  quadrupole  magnets  at  the  same  rate,  family  by  family. 
The  results  are  shown  in  Fig.  8.  The  agreement  between 
measured  and  MCM  values  is  quite  satisfactory. 
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Figure  6:  Betatron  functions  over  6  cells. 
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Figure  7:  Betatron  functions  in  one  unit  cell. 
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Figure  8:  Averaged  betatron  functions. 
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Abstract 

Stability  of  electron  orbit  is  one  of  the  most  important 
properties  to  achieve  brilliant  photon  beams  for  third 
generation  synchrotron  radiation  sources.  In  the  design  of 
a  SPring-8  storage  ring,  many  ideas  for  orbit  stabilization 
were  thus  considered.  Consequently,  without  any 
correction,  electron  orbit  stability  of  about  50  pm  per  day 
is  obtained.  Since  a  main  part  of  the  orbit  movement  is 
slowly  varying  components  in  time,  we  are  developing 
both  a  periodic  correction  of  electron  beam  energy  and  that 
of  global  orbit  to  realize  the  orbit  stability  of  a  few  pm  at 
source  points  along  the  ring.  Up  to  now,  we  have 
achieved  the  stability  at  each  insertion  device  within 
several  microns  per  day  in  an  amplitude  of  the  main 
harmonic  of  the  orbit  movement  and  one  correction 
scheme  is  now  routinely  used  in  user  operation. 

1  INTRODUCTION 

For  highly  brilliant  synchrotron  radiation  sources, 
stability  of  electron  orbit  is  crucial  to  achieve  brilliant 
photon  beams  averaged  in  certain  measurement  time. 
Toward  the  orbit  stability  of  a  few  pm,  perturbation 
sources  for  the  orbit  movement  were  suppressed  as  much 
as  possible  in  the  storage  ring  design.  Items  considered 
[1,2]  are: 

•  Construction  of  a  machine  tunnel  on  a  hard  and 
stable  rock  bed. 

•  Adoption  of  double  compartment  structure  to  make 
the  machine  tunnel  free  from  the  changes  of 
ambient  temperature  and  sunshine. 

•  Stabilization  of  room  temperature  in  a  machine 
tunnel  within  1  degree  centigrade. 

•  Stabilization  of  cooling  water  within  ±  1  degree 
centigrade. 

•  Insertion  of  thermal  insulation  between  a  magnet 
yoke  and  coils. 

•  Optimization  of  cooling  water  stream-pass  to  reduce 
the  peak  temperature  of  magnet  coils. 

•  Reduction  of  heat  loss  of  magnet  power  cables  and 
of  thermal  invasion  from  both  the  power  cables  and 
cooling  water  pipes  to  magnets  and  magnet  girders. 

•  Removal  of  vibration  sources  like  a  chiller  from  a 
machine  tunnel  and  suppression  of  the  magnitude  of 
vibrations  by  using  vibration  proof  foundation,  etc. 

•  Suppression  of  the  propagation  of  vibrations  to 
magnet  and  magnet  girders. 

•  Increment  on  mechanical  hardness  of  magnet 
girders. 

•  Reduction  of  current  ripple  of  magnet  power 
supplies. 

To  the  remaining  orbit  movement  even  after  the  above 
treatment,  a  suitable  correction  of  closed  orbit  distortion 
(COD)  is  applied  in  accordance  with  a  periodicity  of  the 
movement.  At  present,  we  have  introduced  one  periodic 
COD  correction  scheme  to  suppress  slowly  varying 
components  of  the  COD.  We  are  also  preparing  to 
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ntroduce  periodic  adjustment  of  an  RF  frequency  to  reducie 
the  systematic  orbit  drift  by  stabilizing  energy  of  the 
circulating  electron  beams.  Here,  we  describe  the  orbit 
movement  in  the  ring  without  any  correction  and  then 
show  our  periodic  correction  scheme  and  obtained  results. 

2  ORBIT  MOVEMENT  IN  SPRING-8 
STORAGE  RING 

2.1  Slow  Orbit  Movement 

Figure  1  (A)  and  (B)  show  respectively  the  slow  changes 
of  the  horizontal  and  vertical  orbit  at  one  beam  position 
monitor  (BPM)  located  in  the  dispersion-free  section  of 
#41  cell.  The  sampling  period  of  data  is  30  seconds.  In 
this  example,  the  maximum  horizontal  and  vertical 
changes  per  day  are  respectively  70  and  50  pm.  As  seen  in 
the  figure,  the  changes  don’t  have  a  clear  periodicity  of  24 
hrs.  And  also,  these  are  usually  not  described  by  a  single 
error  source  except  for  a  special  case  in  a  vertical  plane. 
For  several  times,  we  have  observed  a  large  change  in  a 
vertical  plane  correlated  with  hard  rainfall.  In  this  case,  the 
vertical  orbit  distortion  is  expressed  by  a  single  kick  in  #8 
cell.  This  shows  that  the  deformation  of  the  ring  due  to 
rainfall  is  localized  at  #8  cell,  but  the  mechanism  has  not 
been  clearly  understood  yet. 

Figure  2  shows  a  part  of  the  data  in  Fig.l  (A)  by 
magnifying  the  data  about  forty  in  a  time  scale.  We  can 
see  clear  periodic  movement,  of  which  period  is  6  -  7  min 
and  amplitude  is  about  10  pm.  This  is  clearly  correlated 
with  the  temperature  change  of  the  cooling  water. 

Figure  1  (C)  shows  that  the  horizontal  orbit  at  one 
BPM  located  in  the  dispersive  section  of  #22  cell.  The 
maximum  change  per  day  is  about  50  pm.  This  pseudo- 
periodic  change  can  be  clearly  explained  by  earth  tide  [3]. 
Variation  of  the  circumference  due  to  earth  tide  causes  the 
energy  change  of  circulating  beams  and  this  systematic 
error  shifts  the  orbit  pseudo-periodically.  We  therefore 
expect  that  this  drift  can  be  cured  by  the  proper  control  of 
an  RF  frequency  to  keep  the  energy  constant. 

2.2  Fast  Orbit  Movement 

To  check  the  magnitude  of  fast  orbit  movement,  signal  of 
the  BPM  located  in  #46  cell  was  measured  with  the 
sampling  period  of  2  msec.  Since  the  noise  level  of  this 
measurement  is  about  10  pm,  we  couldn’t  see  clear 
signal.  From  the  measurement  results  we  only  estimate 
that  the  fast  orbit  movement  is  the  noise  level  and  less. 
We  are  now  preparing  to  measure  the  fast  movement  more 
precisely. 

3  PERIODIC  COD  CORRECTION 
SCHEME 

3.1  Correction  Scope 

Measured  data  shows  that  the  magnitude  of  the  slow  orbit 
movement  is  relatively  larger  than  that  of  the  fast  one. 
We  then  tried  to  develop  a  scheme  to  correct  the  slow 
orbit  movement  with  a  period  of  a  minute  and  longer. 
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Figure  1:  Slow  orbit  movement  for  6  days  in  the  SPring-8  storage  ring  without  any  correction.  The  graphs  (A)  and 
(C)  show  the  horizontal  orbit  movement  at  one  BPM  located  respectively  in  dispersion-free  and  dispersive  sections. 
The  (B)  shows  vertical  orbit  movement  at  one  BPM  located  in  the  dispersion-free  section. 


Figure  2:  Magnified  data  of  a  part  of  Fig.  1  (A).  Two 
hours  data  from  Jun/25/98  12:00:00  -  14:00:00  are 
shown. 

At  this  moment,  we  correct  only  harmonic 
components  corresponding  to  a  betatron  tune  and  its 
satellite  harmonics,  which  are  main  components  of  the 
global  movement.  Although  the  accuracy  of  our  BPM 
system  is  4  -  5  pm  in  an  r.m.s.  value  [4],  the  magnitude 
of  random  noise  is  reduced  by  the  square  root  of  the  BPM 
total  number  through  the  data  integration  in  harmonic 
expansion.  In  the  SPring-8  storage  ring,  we  have  288 
BPMs  and  this  noise  reduction  factor  becomes  about  17. 
This  means  that  the  BPM  random  noise  is  reduced  down 
to  ~0.3  pm  for  an  estimation  of  the  harmonic 
components. 

3.2  Synthesis  of  Correction  Target 

Before  starting  the  periodic  correction,  reference  orbit 
should  be  set.  The  orbit  is  automatically  measured  with 
288  BPMs  along  the  ring  and  saved  in  an  archive 
database.  Periodically,  the  correction  program  subtracts 
the  reference  orbit  from  the  latest  one  and  calculates 
harmonic  components  of  the  difference  between  the  two 
orbits. 

For  the  correction  of  the  global  COD,  three  harmonics 
corresponding  to  the  tune  and  tune  ±  1  are  used  to 
synthesize  target  orbit.  In  harmonic  analysis,  we  use  a 
simple  interpolation  of  the  COD  data.  Although  this 
treatment  induces  an  error  of  the  harmonic  expansion 
especially  at  high  frequencies,  this  error  is  corrected  by  an 
analytic  correction  formula  at  the  synthesis  of  the  target 


orbit. 

For  the  correction  of  the  pseudo-periodic  drift  due  to 
earth  tide,  the  0th  harmonic  component  of  the  horizontal 
COD  is  only  used. 

3.3  Correction  of  Global  COD 

The  period  for  the  correction  is  a  parameter  and  it  is 
usually  set  to  1  min.  Available  steering  dipoles  in  a 
horizontal  and  vertical  planes  are  respectively  96  and  281. 
All  horizontal  steering  dipoles  are  in  the  dispersion-free 
sections  to  avoid  a  cross  talk  between  the  corrections  of 
the  COD  and  beam  energy.  The  number  of  steering  dipole 
used  in  one  correction  step  is  also  a  parameter.  Usually, 
24  and  16  are  set  respectively  for  the  horizontal  and 
vertical  corrections. 

The  best  set  of  steering  dipoles  are  chosen  and  the 
strength  of  each  steering  dipole  is  calculated  by  well 
known  best  corrector  search  algorithm  [5].  A  coefficient 
matrix  describing  the  propagation  of  a  steering  kick  is 
made  of  design  parameters.  Resolution  of  current  setting 
is  0.15  mA,  which  is  equivalent  to  -0.03  and  -0.015  prad 
respectively  in  a  horizontal  and  vertical  planes  [6]. 

3.4  Correction  of  Pseudo-periodic  Orbit  Drift 
due  to  Earth  Tide 

The  RF  frequency  change  A/ is  related  to  the  change  of  a 
0th  harmonic  component  of  the  horizontal  orbit,  a0  by  Eq. 
1  obtained  by  fitting  the  measured  data.  The  period  for  the 
correction  is  a  parameter.  In  the  case  where  the  correction 
period  is  5  min,  we  have  10  data  of  the  a0  every  correction 
period.  By  using  the  least  square  method  and  Eq.  1,  the 
RF  frequency  change  is  estimated  to  minimize  the 
deviation  from  the  reference.  Resolution  of  frequency 
setting  is  0.1  Hz. 

a0  [mm]  =  -1.56x1 0’3- A/ [Hz]  (1) 

4  CORRECTION  PEFORMANCE 
ACHIEVED 

Figure  3  (A)  and  (B)  show  the  amplitude  changes  of  tune- 
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harmonics  (51th  for  Hori.  and  16th  for  Vert.)  of  the  COD 
respectively  without  and  with  the  correction  of  the  global 
orbit  distortion.  The  correction  period  was  set  to  1  min. 
24  and  16  steering  dipoles  were  used  respectively  for  the 
horizontal  and  vertical  corrections.  The  global  COD 
correction  controls  amplitudes  of  the  horizontal  and 
vertical  tune-harmonics,  i.e.,  correction  variables  within 
several  and  a  few  mm,  respectively.  Since  the  tune- 
harmonic  is  a  main  term  of  the  global  orbit  distortion  in 
each  plane,  we  predict  that  the  global  distortion  is 
controlled  at  each  insertion  device  within  the  same  order 
as  shown  in  Fig.  3  (B). 

Figure  4  (A)  and  (B)  show  respectively  the  slow 
changes  of  the  horizontal  and  vertical  orbit  at  one  BPM  of 
#41  cell  with  the  global  COD  correction.  These  data 
represents  the  local  orbit  movement  under  the  correction 
is  on.  Thickness  of  each  line  in  the  figure  is  determined 
by  the  BPM  reproducibility  and  the  slow  undulation 
seems  to  show  the  real  orbit  movement.  The  stability  of 
about  10  (Xm  per  day  was  obtained  by  this  correction, 
including  the  local  orbit  movement.  Spurious  horizontal 
and  vertical  dispersions  here  are  respectively  about  2  and 
0.1  cm.  Even  in  a  horizontal  plane,  the  deviations  due  to 
earth  tide  is  only  a  few  pm. 

Figure  5  shows  a  result  of  the  correction  test  for  the 
pseudo-periodic  orbit  drift  by  periodically  adjusting  the 
RF  frequency.  The  correction  period  was  set  to  5  min. 
The  stability  of  several  pm  per  5  hrs  was  obtained  for  the 
0th  component  of  the  horizontal  orbit. 
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Figure  5:  Correction  of  the  0th  harmonic  of  horizontal 
COD  by  adjusting  the  RF  frequency. 
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Figure  3:  Slow  amplitude  changes  of  tune-harmonics  (51th  for  Hori.  and  16thfor  Vert.)  of  the  COD  for  6  days.  The 
upper  (A)  and  lower  (B)  graphs  show  respectively  the  changes  without  and  with  the  periodic  correction  of  the  global 
orbit  distortion. 


Figure  4:  Slow  orbit  movement  for  6  days  with  the  periodic  correction  of  the  global  orbit  distortion.  The  correction 
period  is  1  minute.  The  upper  (A)  and  lower  (B)  graphs  show  respectively  the  horizontal  and  vertical  orbit  changes  at 
one  BPM  located  in  the  dispersion-free  section  of  #41  cell. 
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Abstract 

A  simple  and  practical  method  is  proposed  to  estimate  off¬ 
sets  of  beam  position  monitors.  It  is  reported  that  this 
method  had  been  applied  successfully  to  an  8GeV  electron 
storage  ring  at  SPring-8.  Resulting  offsets  are  compared 
with  those  measured  by  using  a  beam-based  method. 

1  INTRODUCTION 


•  Store  the  beam  and  measure  the  closed  orbit  with 
BPMs.  If  necessary,  make  a  rough  orbit  correction 
with  a  small  number  of  steering  magnets  to  prevent 
nonlinear  behaviors  of  the  BPM  system.  If  possible, 
select  an  operation  point  with  a  small  integer  part  of 
the  betatron  tunes  so  that  low  harmonic  components 
coming  from  real  orbit  distortions  and  high  harmonic 
components  coming  from  BPM  “offsets”  are  sepa¬ 
rated  as  clearly  as  possible. 


In  particle  accelerators,  such  as  electron  or  positron  stor¬ 
age  rings,  calibration  of  beam  position  monitors  (BPMs)  is 
an  important  subject  for  achieving  a  design  performance  of 
the  beam  quality.  To  eliminate  systematic  errors,  or  the  off¬ 
sets  of  BPMs,  a  beam-based  method  is  generally  useful[l], 
[2],  [3],  This  method,  however,  requires  additional  power 
supplies  to  quadrupole  magnets  and  can  not  be  applied  to 
the  whole  ring  immediately. 

At  the  SPring-8  storage  ring,  a  high  quality  of  the  beam 
is  also  required:  high  stability  of  an  orbit,  a  small  beam 
emittance,  a  small  coupling  ratio  of  horizontal  and  verti¬ 
cal  betatron  oscillations,  etc.  Since  the  total  number  of 
quadrupole  magnets  is  480  and  only  40  of  them  can  change 
their  strength  independently,  all  288  BPMs  in  the  ring  can 
not  be  calibrated  by  the  beam-based  method. 

We  then  estimated  BPM  offsets  in  a  simple  and  practical 
manner  by  using  closed  orbit  data[4].  In  the  following  we 
explain  how  we  carried  out  this  and  improved  the  quality 
of  a  stored  beam. 

2  METHOD 

A  part  of  BPM  offsets  can  be  estimated  by  summing 
Fourier  components  of  COD  whose  harmonic  number  is 
much  higher  than  betatron  tunes.  Such  high  harmonic  com¬ 
ponents  of  the  offsets  should  be  eliminated  in  orbit  cor¬ 
rections,  since  main  magnets  are  usually  aligned  so  that 
their  magnetic  centers  are  connected  as  smoothly  as  pos¬ 
sible.  At  the  SPring-8  storage  ring,  for  example,  the  con¬ 
cept  of  “two-stage  magnet  alignment  with  common  gird¬ 
ers”  was  introduced[5]  and  main  magnets  were  aligned 
carefully  with  a  laser-alignment  system  with  the  accuracy 
of  less  than  20/im[6]. 

The  procedure  for  obtaining  the  “offsets”  is  as  follows: 
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•  Make  a  Fourier  decomposition  of  the  orbit  data  as  fol¬ 
lows: 

OO 

=  ^T^(an  cos  n0(s)  +  bn  sin  n<j)(s))  (1) 
71=0 


where  /3(s)  is  the  betatron  function  at  the  position  s 
and  v  is  the  betatron  tune. 

•  Reconstruct  the  orbit  by  collecting  Fourier  compo¬ 
nents  whose  harmonic  number  is  smaller  than  some 
cutoff  value.  On  determining  the  cutoff  value  we  will 
discuss  in  the  next  section. 

•  Subtract  the  reconstructed  orbit  from  a  measured  orbit 
to  obtain  the  “offsets”. 

3  APPLICATION  TO  THE  SPring-8 
STORAGE  RING 

We  note  that  the  basic  lattice  structure  of  the  SPring-8  stor¬ 
age  ring  is  of  the  double-bend  achromat  (DBA)  type  with 
48  unit  cells.  In  each  unit  cell  there  are  6  BPMs  (BPM1, 
BPM2, ...,  BPM6)  located  in  such  a  way  that  the  phase  dif¬ 
ference  of  betatron  oscillations  between  BPM1  and  BPM2, 
BPM3  and  BPM4,  and  BPM5  and  BPM6  becomes  small. 
Since  each  pair  of  these  BPMs  are  welded  on  the  same 
vacuum  chamber  and  all  nearby  quadrupole  and  sextupole 
magnets  are  well  aligned  on  the  same  girder,  the  difference 
of  beam  positions  measured  by  each  pair  should  be  small. 
Then,  we  can  expect  that  spurious  spikes  of  the  position 
data,  or  harmful  BPM  offsets,  can  be  distinguished  by  the 
method  described  in  the  previous  section. 

Before  applying  this  method  we  must  determine  the  cut¬ 
off  harmonic  number  so  that  the  contribution  from  higher 


COD(s) 
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harmonic  components  of  a  real  orbit  distortion  is  much 
smaller  than  that  of  spurious  BPM  offsets.  With  the  help  of 
computer  simulations  we  determined  the  cutoff  harmonic 
number  in  the  following  way: 

•  Calculate  a  closed  orbit  by  using  alignment  data  and 
field  strengths  of  main  magnets  measured  beforehand. 
The  result  simulates  an  orbit  without  corrections. 


•  Make  a  Fourier  decomposition  of  the  calculated  orbit 
and  find  a  cutoff  harmonic  number  above  which  the 
rms  value  of  the  sum  of  higher  harmonic  components 
becomes  smaller  than  some  tolerance.  In  the  SPring-8 
storage  ring  this  toralence  was  set  to  be  50 fim. 


As  can  be  seen  from  the  above  procedure,  the  cutoff 
value  depends  on  the  betatron  tunes  of  the  ring.  Note  also 
that  in  order  to  separate  components  coming  from  real  orbit 
distortions  and  those  from  spurious  BPM  offsets  as  clearly 
as  possible,  it  is  better  to  lower  the  betatron  tune.  This  can 
be  seen  from  the  following  formula: 


99m =  v 

y/ffi 


(3) 


where 

=  VP&)0ie-im*M  (4) 

i 

and  0i  is  the  kick  at  the  position 

In  the  SPring-8  storage  ring  we  examined  five  differ¬ 
ent  optics  with  the  following  horizontal  and  vertical  be¬ 
tatron  tunes:  (uh,  vv)  =  (51.23,  16.32),  (42.20,  15.32), 
(42.24,  12.21),  (21.35,  9.17)  and  (18.25,  13.69).  The  last 
three  optics  with  low  betatron  tunes  are  not  of  the  standard 
DBA  type.  These  were  designed  especially  for  checking 
the  optics  dependence.  In  Fig.  1  we  show  the  rms  differ¬ 
ence  of  full  and  reconstructed  CODs  as  a  function  of  the 
cutoff  harmonic  number  for  the  optics  with  tunes  (51.23, 
16.32),  (42.20,  15.32)  and  (21.35, 9.17).  The  cutoff  values 
for  these  optics  were  determined  from  the  saturation  pro¬ 
file  of  this  rms  difference  to  be  (150,  40),  (150,  40)  and 
(70,  40),  respectively[7]. 

In  Fig.  2  we  show  BPM  “offsets”  obtained  experimen¬ 
tally  by  using  the  above  three  optics.  We  see  that  the  optics 
dependence  of  the  “offsets”  is  very  weak,  especially  for  the 
vertical  direction.  The  rms  value  of  the  “offsets”  for  these 
optics  differs  only  by  40/xm  in  the  horizontal  direction  and 
10/im  in  the  vertical  direction.  Then  we  can  conclude  that 
a  dominant  and  harmful  contribution  to  the  “offsets”  was 
obtained  by  the  present  method. 

To  go  ahead  with  orbit  corrections,  we  used  the  “offsets” 
for  the  optics  with  betatron  tunes  (21.35,  9.17)  which  are 
indicated  by  the  solid  curve  in  Fig.  2.  The  rms  values  of  the 
“offsets”  is  160 /im  in  the  horizontal  direction  and  2 10/im 
in  the  vertical  direction. 


Figure  1:  The  rms  difference  of  full  and  reconstructed 
CODs. 


0  12  24  36  48  60  72 

Serial  BPM  Number 


Figure  2:  BPM  “offsets”  in  a  quarter  of  the  ring  obtained 
experimentally  with  three  different  optics  in  the  horizontal 
(above)  and  vertical  (below)  directions. 


4  COMPARISON  TO  BEAM-BASED 
METHOD 

To  check  the  reliability  of  the  “offsets”,  we  measured  a 
beam  position  at  some  BPMs  with  respect  to  the  center  of  a 
nearby  quadrupole  magnet  by  using  a  beam-based  method. 
An  example  is  shown  in  Fig.  3,  where  a  magnetic  center 
of  a  target  quadrupole  magnet  is  searched  by  changing  its 
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strength  and  detecting  the  amplitude  of  an  induced  beta¬ 
tron  oscillation.  The  technique  used  is  essentially  the  same 
as  those  in  [1],  [2],  [3],  but  our  method  is  different  in  the 
point  that  (i)  a  single  kick  is  used  instead  of  a  local  bump 
to  generate  a  parallel  shift  of  an  orbit  at  a  target  quadrupole 
magnet  and  (ii)  a  Fourier  component  corresponding  to  the 
betatron  tune  is  plotted. 


Figure  3:  An  example  of  beam-based  measurement  of  a 
BPM  offset. 

With  this  method  the  offsets  were  measured  at  24  BPMs. 
The  results  are  shown  in  Fig.  4  by  dashed  curves.  Also 
shown  by  solid  curves  are  the  corresponding  “offsets”  ob¬ 
tained  from  high  harmonic  Fourier  components.  The  agree¬ 
ment  between  the  solid  and  dashed  curves  is  not  perfect  but 
satisfactory.  We  see  that  they  have  very  similar  tendencies. 
The  rms  value  of  the  difference  is  about  150 fim  in  both 
horizontal  and  vertical  directions.  This  value  is  a  measure 
of  the  amount  of  remaining  low  harmonic  components  of 
the  BPM  offsets. 


5  CONCLUSION 

After  calibrating  BPMs  by  using  the  “offsets”  shown  in 
Fig.  2,  the  quality  of  a  stored  beam  has  been  improved. 
For  example,  we  could  further  reduce  COD  by  using  steer¬ 
ing  magnets  with  weak  strengths.  The  leakage  of  the  dis¬ 
persion  function  into  straight  sections  also  reduced  from 
about  23mm  to  12mm  in  rms  values.  We  note  here  that  the 
coupling  ratio  of  the  horizontal  and  vertical  betatron  oscil¬ 
lations  has  been  deduced  from  Touschek  lifetime  and  found 
to  be  very  small  [8]:  much  less  than  1%  without  corrections 
by  skew  quadrupole  magnets. 

All  of  these  facts  indicate  that  the  electron  beam  passes 
through  the  position  close  to  magttet  centers  all  along  the 
ring  and  hence  the  BPM  “offsets”  shown  in  Fig.  2  worked 
well  in  orbit  corrections. 
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Figure  4:  Comparison  of  BPM  offsets  obtained  by  two  dif¬ 
ferent  methods. 
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Abstract 

Two-year  operation  experiences  of  the  SPring-8  storage 
ring  are  presented.  The  commissioning  of  the  storage  ring 
was  successfully  completed,  with  the  achievement  of 
performance  far  beyond  the  target  specifications.  The  beam 
lifetime  is  about  60  hours  at  100mA  in  the  multi  bunch 
mode.  The  7  nm  rad  of  the  emittance  measured  for  the 
horizontal  plane  is  close  to  the  theoretical  value.  From  the 
beginning  of  the  operation,  vertical  emittance  is  extremely 
small,  about  lOpmrad  and  the  coupling  is  about  0.2%. 
Furthermore,  the  procedures  for  decreasing  the  coupling 
have  been  tested.  Purity  in  the  few  10'6  range  is  routinely 
achieved  in  the  single  and  several  bunch  operation  of  user 
service  mode.  We  achieved  a  good  orbit  stability  at  source 
points,  about  5  and  1  micron  in  an  r.m.s.  value 
respectively  for  horizontal  and  vertical  planes.  The  beam 
performance  of  the  SPring-8  storage  ring  is  presented. 

1  INTRODUCTION 

Beam  commissioning  of  the  storage  ring  was  started 
since  March  13th  and  the  first  stage  of  it  was  successfully 
completed  by  accumulating  the  electron  beams  of  about 
20  mA  one  month  later.  This  quick  tuning  was  mainly 
due  to  the  high  completion  of  hardware.  Especially,  the 
precision  of  magnet  alignment  was  so  high  that  no 
steering  magnet  was  used  to  store  the  first  beam  in  the 
ring  [1],  The  major  milestones  up  to  now  are  listed  Table 
1. 


Table  1  :  Progress  of  the  SPring-8  Storage  Ring 


Date 

Milestones 

1997 

3/13 

Start  of  SSBT  tuning 

3/13 

Start  of  storage  ring  beam  commissioning 

3/14 

Completion  of  first  turn 

3/25 

Capture  of  electron  beams  in  RF  buckets 

3/26 

First  observation  of  photon  beams 

4/17 

from  a  bending  magnet 

Stored  current  of  19.6  mA 

5/14 

(lifetime  -3  hrs  with  ID  gap  fully  opened) 

Start  of  beamline  commissioning  (BL02B1  and 

5/16 

BL47IN) 

Operation  with  ID  minimum  gap  of  8  mm 

*  Corresponding  Author;  Email:ohkuma@spring8.or.jp 


5/17-6/15  Period  of  beam  self-clearing  on  vacuum  components 
(lifetime  14-15  hrs  at  -18  mA) 

6/16-1 8  Periodical  inspection  of  storage  ring  by  the  STA*1 
7/3  License  by  the  STA  for  storage  ring  operation 

7/3  Start  of  test  experiments  at  two  beamlines 

10/10  Start  of  user  service  mode 
1998 

4/21  License  by  the  STA  for  an  increase 

of  stored  current  up  to  100  mA 
5/13  Stored  current  up  to  100  mA 

9/16-18  Change  of  the  operation  point 

to  reduce  a  vertical  emittance 


#1  the  Science  and  Technology  Agency 

2  OPERATION 

2.1  Injection  efficiency 

We  tried  to  find  the  best  parameter  set  of  septum  and 
bump  magnet  strengths  to  make  injection  efficiency  as 
high  as  possible.  The  auxiliary  DC  bump  was  made  in  the 
injection  part  if  necessary  to  reduce  a  coherent  amplitude. 
At  present,  the  efficiency  of  80-90%  has  been  achieved. 

2.2  Operation  time 

The  storage  ring  is  operated  on  three  weeks  basis  (1 
cycle),  with  38x-8  hour  shifts  for  user  service  mode, 
another  6x8  hour  shifts  for  machine  studies,  and  about  48 
hours  for  machine  tuning  and  for  beamline  tuning. 

In  1998,  a  total  operation  time  of  the  storage  ring  is 
4190  hours,  and  2624  hours  (62.6%)  has  been  delivered  to 
the  users  during  the  year  1998.  The  down  time  is  110 
hours,  2.6%  of  the  total  operation  time.  The  most 
significant  incident  in  1998  was  an  user  time  interruption 
of  15  hours  when  the  breakdown  of  the  power  supply  of 
the  sextupole  magnets  happened.  During  the  last  stage  of 
1998,  user  time  was  often  disturbed  when  an  action  of  the 
interlock  system  of  the  magnet  and  photon-absorber 
occurred  due  to  a  drop  of  flow  rate  of  the  cooling  water. 

Typical  operation  is  shown  in  Fig.  1,  when  the  beam 
delivered  232  hours  without  a  beam  loss. 

2.3  Filling  modes 

A  62.3%  of  the  total  user  time  were  delivered  in  the 
multi-bunch  mode  as  shown  in  Fig.  2.  In  the  first  half  of 
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1998,  a  full  filling  mode  was  used  for  the  user  time 
operation.  After  the  summer  shutdown  period  of  1998,  a 
2/3-filling  mode  began  to  be  used  for  the  user  time 
operation,  where  two  third  of  the  2436  available  RF 
buckets  are  filled  continuously  with  electronin  the 
SPring-8  storage  ring,  the  beam  lifetime  in  the  uniform 
filling  mode  is  significantly  longer  than  that  in  the  partial 
filling  mode.  This  origin  may  be  that  the  electron  beam 
size  is  growth  by  the  instability  due  to  an  ion-trapping 
effect. 


Figure  1:  Beam  delivery  232  hours  without 
beamloss. 


mA/bunch  are  stored,  and  purities  in  the  low  10‘6  range  are 
routinely  achieved  in  the  user  time  operation.  The 
maximum  current  per  bunch  is  about  12mA  in  machine 
studies. 

3  PERFORMANCE  OF  THE 
STORAGE  RING 

The  over-all  performance  are  listed  in  Table  2. 

Table  2  :  Performance  of  the  SPring-8  Storage  Ring 


Designed 

Achieved 

Unit  cell  type 

Chasman-Green 

Energy 

8GeV 

8GeV 

Circumference 

1435.948m 

- 

Number  of  cell 

(normal  /  straight) 

44/4 

- 

Current 

single  bunch 

5mA 

12mA 

multi  bunch 

100mA 

100mA 

Number  of  bucket 

2436 

- 

Revolution  time 

4.79ps 

- 

Tunes  (vx  /  vy) 

51.22/16.16 

51.16/16.31 

Chromaticities 

115.86/ -40.03 

3.21/3.93 

(natural) 

(operation) 

Energy  Spread  (AE/E) 

0.0011 

0.0012 

711  hours 
(27.1%) 


214  hours 
(8.2%) 


63  hours 
(2.4%) 


□  Full  filling 

|  Emittance  6.99  nm.rad 

~7nm.rad 

□  2/3-filling 
■  21-bunch 

Coupling 

10% 

-0.1% 

■  3  bunch  train*21 

Lifetime 

■  12-bunch  +  28  bunch 

100mA  (full  filling) 

24hr 

~60hr 

\ 

1mA  (single  bunch) 

6  hours 

V... 

Bunch  length  (FWHM) 

28.5ps$1 

~40psK 

761  hours 
(29.0%) 


Residual  dispersion  at  non-dispersive  section 


horizontal  (rms) 
vertical  (rms) 
COD 

horizontal  (rms) 
vertical  (rms) 


1.4cm 

0.4cm 

50pm  -  0.1mm 
50pm -0.1mm 


J1  The  design  value  is  estimated  at  the  Vrf=17MV. 


“  The  achieved  value  is  measured  at  Vrf=11.6MV. 

Figure  2:  Filling  modes  for  user  time  during  1998. 


Nevertheless,  the  several  bunch  modes  is  increasing. 
For  example,  there  were  many  time  (724  hours)  in  21- 
bunch  mode  (21  equally  spaced  bunches)  between  May  and 
early  in  July  1998.  Another  several  bunch  modes  are  the 
21-bunch  train  mode  (21  equally  spaced  3-  or  7-bunches 
trains),  10-bunch  +  partially  filled  multi-bunch,  and  so 
on.  Since  we  can  select  an  arbitrary  RF  bucket  among 
2436  ones  at  each  injection,  the  filling  pattern  in  the 
storage  ring  can  be  controlled  easily  [2].  1  or  0.5 


3.1  Optics 

The  lattice  structure  of  the  SPring-8  storage  ring  is  of 
double-bend  achromat  type,  and  there  are  48  straight 
sections  where  the  dispersion  vanishes. 

At  the  normal  operation  of  the  storage  ring,  the  "hybrid" 
optics  was  used.  In  the  "hybrid"  optics,  the  horizontal 
betatron  function  px  takes  a  large  value  (about  20m)  and  a 
small  value  (about  lm)  alternately  in  the  straight  sections. 
The  storage  ring  is  routinely  operated  near  the 
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coupling  resonance  (vx=51.25,  vy=16.32)  with  a  coupling 
ratio  of  about  0.4%  before  September  1998.  After  the 
summer  shutdown  period  of  1998,  the  procedures  for 
decreasing  the  coupling,  i.e.  tuning  the  mode  tune 
separation  to  change  the  operation  point,  have  been 
successfully  performed.  New  operation  point  is  (vx=51.15, 
vy=16.31).  At  this  operation  point,  the  coupling  ratio  is 
estimated  to  be  around  0.06%.  When  compared  with  the 
0.4%,  this  reduction  of  the  coupling  ration  gives  an 
equivalent  gain  of  a  factor  of  0.4  in  vertical  beam  size. 

After  the  winter  shutdown  of  1999,  in  order  to  cure  a 
short  beam  lifetime  due  to  the  Touschek  effect  in  the 
several  bunch  mode,  at  the  user  time  the  storage  ring  have 
been  operated  with  the  enlarged  coupling  ratio  of  0.2%, 
which  resulted  in  -1.5  times  increase  of  the  beam 
lifetime. 

The  "high-beta  like”  optics  in  which  |3X  and  Py  take  a 
same  value  (Px  :  25m,  and  Py  :  3.7m)  in  all  the  straight 
sections  have  been  tested  in  machine  studies.  The  "high- 
beta  like”  optics  has  a  high  symmetry  and  optimization 
for  insertion  device  in  all  the  straight  section,  compared 
with  the  "hybrid"  optics.  Betatoron  tunes  are  vx=43.16  and 
vy=21.31.  Two  kinds  of  optics  are  shown  in  Fig.  3. 


HMfHHflofl- 


Figure  3:  Optics  of  the  SPring-8  storage  ring. 

3.2  Beam  Reproducibility  and  Stability 

The  fill-to-fill  and  cycle-to-cycle  reproducibility  of  the 
storage  ring  parameters  are  assured  by  strictly  following  a 
prescribed  start-up  sequence  that  includes  conditioning  of 
all  magnets  at  start-up  or  after  a  failure  that  shuts  down  a 
power  supply.  The  power  supplies  of  magnets  are 
continuously  turned  on  between  cycles,  4  or  5  days.  The  • 
reproducibility  is  checked  by  measuring  the  betatron 
tunes,  COD,  and  dispersion  which  are  sensitive  to  both 
magnet  setting.  In  order  to  stabilize  the  orbit  of  the 
storage  ring,  a  periodic  and  global  orbit  correction  is  now 
routinely  used  in  user  time.  Figure  4  shows  the  amplitude 
changes  of  betatron  tune-harmonics  (51th  for  horizontal 


and  16th  for  vertical)  of  the  COD  with  and  without  the 
correction  of  the  global  orbit  distortion  [3]. 
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Figure  4:  Amplitude  changes  of  tune-harmonics 
(51th  for  horizontal  and  16th  for  vertical)  of  the 
COD  for  6  days.  The  upper  (A)  and  lower  (B) 
graphs  show  respectively  the  changes  without  and 
with  the  periodic  correction  of  global  orbit 
correction 

3.3  VACUUM  CONDITIONING  AND  BEAM 
UFET1ME  [4] 


The  averaged  pressure  readings  of  the  storage  ring  are 
<lxl0'8  Pa  without  electron  beam,  the  order  of  10 7  Pa 
with  a  beam  current  of  70  mA.  Since  then  an  integrated 
beam  dose  of  190Ah  has  been  achieved  up  to  now,  and 
correspondingly,  the  dynamic  pressure  rise  per  stored  beam 
current  (A P/I)  decreased  by  two  orders  of  magnitude.  An 
integrated  beam  dose  of  190Ah  and  a  beam  lifetime  of  60 
hours  at  100  mA  of  the  beam  current  were  achieved  in  the 
multi-bunch  mode  after  two  years’  operation.  The  lifetime 
in  the  several  bunches  mode  is  limited  by  Touschek  effect. 
Touschek  lifetime  is  about  6  hours  at  the  single  bunch 
operation  (ImA/bunch)  of  the  nominal  machine  parameter 
of  the  SPring-8  storage  ring  [5],  As  the  total  lifetime  (t) 
in  the  2/3-filling  mode  is  65  hours  at  the  beam  current  of 
70mA,  gas  scattering  lifetime  is  estimated  xg=140  hours. 
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Abstract 


The  results  of  investigations  on  the  betatron  coupling  of  the 
SPring-8  storage  ring  are  described,  which  imply  that  the 
coupling  of  the  normal  operation  is  less  than  0.1  %.  The 
correction  scheme  of  the  vertical  dispersion,  which  limits 
the  vertical  emittance  as  well  as  the  betatron  coupling,  is 
also  presented. 

1  INTRODUCTION 

The  betatron  coupling  is  one  of  the  most  important  param¬ 
eters  of  storage  rings  for  high  brilliant  light  source.  By 
the  precise  alignment  of  the  magnets  [1]  and  the  proper 
COD  correction  [2],  the  SPring-8  storage  ring  succeeded 
in  achieving  the  very  small  linear  betatron  coupling  with¬ 
out  skew  quadrupole  corrector  magnets.  To  prove  this  fact, 
we  study  the  betatron  coupling  of  the  SPring-8  storage  ring. 

The  measurement  of  the  vertical  emittance  of  the  stored 
beam  is  the  most  preferable  method  to  know  the  coupling. 
But,  since  the  vertical  emittance  of  the  SPring-8  storage 
ring  is  too  small  to  measure,  at  present  we  have  not  yet 
measured  it.  Hence,  by  measuring  the  dependencies  of  the 
various  ring  parameters  on  the  betatron  coupling,  we  prove 
the  validity  of  our  estimation  of  the  betatron  coupling. 

2  COUPLING  MEASUREMENTS 

The  operation  point  of  the  SPring-8  storage  ring  is  in  the 
neighborhood  of  ( 51.16, 16.32 ).  The  difference  resonance 
of  vx  —  uy  fa  35  mainly  contributes  to  the  betatron  cou¬ 
pling.  As  changing  the  horizontal  tune  while  keeping  the 
vertical  one  constant,  We  investigate  the  response  of  the 
parameters  of  the  SPring-8  storage  ring. 

2.1  Mode  Tune  Separation 

By  the  single  resonance  approximation,  the  eigen  (mea¬ 
sured)  tunes  vi  and  vu  are  represented  by  unperturbed 
tunes  vx  and  vy  as  [3] 

viji  —  vx<y  Ty±  ^\/A^+C^ ,  (1) 

where  A  is  the  distance  from  resonance  and  C  is  the  driving 
term  of  resonance.  Here  the  integral  parts  of  the  tunes  are 
neglected.  In  Figure  1,  we  plot  the  tunes  measured  while 
changing  operation  point.  The  coupling  ratio  k  is  calcu¬ 
lated  from  A  and  C  as 

C2 

K  ~  C 2  +  2A2  ’  (2) 
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Distance  from  Resonance  A 

Figure  1:  Measurements  of  mode  frequency  as  a  function 
of  detuning. 


which  is  shown  in  Figure  2.  At  the  normal  operation  point, 
the  coupling  ratio  k  is  estimated  to  be  around  0.06  %. 


Distance  from  Resonance  A 

Figure  2:  Linear  coupling  derived  from  mode  tune. 


2.2  Touscheck  Lifetime 

The  Touscheck  effect  is  crucial  for  electron  storage  rings 
with  low  emittance  since  the  high  beam  density  increases 
the  probability  for  scattering  between  electrons.  The  Tou¬ 
scheck  lifetime  is  proportional  to  the  bunch  volume  and 
hence  sensitive  to  the  coupling  ratio. 

The  dependence  of  the  Touscheck  lifetime  on  the  cou¬ 
pling  ratio  is  studied,  which  is  shown  in  Figure  3.  The 
solid  line  in  Figure  3  represents  the  Touscheck  lifetime  cal¬ 
culated  with  the  flat  beam  approximation  [5].  The  bunch 
lengths  measured  at  that  time  did  not  change  significantly 
in  the  present  range  of  the  coupling  ratio,  which  almost 
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1  mA  per  bunch 


equal  to  45  ps  at  single  bunch  of  1  mA.  The  dependence  of 
the  Touscheck  lifetime  on  the  coupling  ratio  can  be  fitted 
to  that  of  the  bunch  volume 


T"  OC  (Tx&y&f,  OC 


1  +  K  ’ 


(3) 


where  ax  is  the  bunch  width,  <ry  is  the  bunch  height,  and  at 
is  the  bunch  length,  respectively.  The  measurements  were 
performed  for  single  bunch  with  1  mA  and  21  bunches  with 
21  mA  (1  mA  per  bunch)  and  chromaticity  ( £e,  £y  )  =  (  3, 
4 ),  ( 0, 0 ),  which  imply  that  the  lifetime  is  scarcely  depend 
on  the  chromaticity. 


2.3  Coherent  Oscillations 

Although  the  Touscheck  lifetime  has  the  sensitivity  to  the 
coupling  ratio,  there  is  ambiguity  in  relating  it  to  the  cou¬ 
pling  ratio.  Hence  we  more  directly  study  the  coupling  ra¬ 
tio  by  measuring  the  coherent  oscillation  after  horizontal 
kick  in  terms  of  turn-by-turn  beam  position  monitor.  One 
then  finds  the  beats  in  the  envelopes  of  the  coherent  oscilla¬ 
tions  in  the  horizontal  and  vertical  planes,  which  originate 
in  the  interchange  of  energy  between  the  two  oscillations. 
By  firing  a  horizontal  pulse  magnet,  we  give  about  50  //rad 
kick  to  a  single  bunch.  Measured  oscillations  with  the  es¬ 
timated  coupling  ratio  0.06  %,  5  %  and  35  %  are  shown 
in  Figure  4,  where  the  black  and  gray  regions  indicate  the 
horizontal  and  vertical  oscillations,  respectively. 

In  terms  of  the  ratio  G  of  the  minimum  to  the  maximum 
of  the  horizontal  envelope  oscillation  and  the  period  T  of 
the  envelope  beat  oscillations,  the  distance  from  resonance 
A  and  the  coupling  driving  term  C  are  given  by  [3, 4] 


A  = 


G 
T  ’ 


C  = 


T 


(4) 


where  T  is  scaled  by  the  revolution  period,  i.e.  equals  to  the 
turn  number.  The  coupling  ratios  estimated  from  the  data 
of  tum-by-turn  BPM  are  given  in  Figure  5.  Note  that  we 


BPM. 


can  not  measure  the  coupling  ratio  of  the  normal  operation 
point  by  the  coherent  oscillations.  The  solid  line  in  Fig¬ 
ure  5  corresponds  to  the  coupling  ratio  calculated  from  the 
mode  tune  separation.  Figure  5  shows  fairly  good  agree- 
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Figure  5:  Horizontal  Emittance  as  a  function  of  betatron 
coupling  k. 

ment  between  the  couplings  estimated  from  the  coherent 
oscillation  and  derived  by  mode  tune  separation. 

2.4  Horizontal  Emittance 

The  horizontal  emittance  also  directly  represents  the  cou¬ 
pling  ratio.  By  measuring  the  loss  rate  of  a  bunched  beam 
when  pushed  to  septum  wall  by  injection  pulse  bump,  we 
estimate  the  bunch  width  and  then  the  horizontal  emittance. 
Figure  6  shows  the  loss  rate  for  the  cases  of  the  estimated 
coupling  ratio  0.06  %  and  43  %,  where  the  open  circles  and 
the  solid  line  denote  the  measured  coupling  and  the  fitted 
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result  for  the  case  of  coupling  0.06  %,  and  the  open  trian¬ 
gles  and  the  dashed  line  for  43  %.  Figure  7  shows  the  de- 


Distance  from  Beam  Center  (mm) 


Figure  6:  Loss  rate  of  stored  current  as  a  function  of  beam 
position. 

pendence  of  the  horizontal  emittance  on  the  coupling  ratio, 
which  also  implies  that  we  fairly  well  estimate  and  control 
the  coupling  ratio. 


Coupling  K 


Figure  7:  Horizontal  Emittance  ex  as  a  function  of  beta¬ 
tron  coupling  k.  The  solid  line  denotes  the  fitted  result  of 
ex  =  e0/(l  +  «),  where  e0  =  6.8  ±  0.7  nmrad  is  the  natural 
emittance. 


3  CORRECTION 

The  coupling  ratio  of  the  SPring-8  storage  ring  is  so  small 
that  the  faint  skew  quadrupole  fields  produced  by  the  gap 
drives  of  some  insertion  devices  immediately  make  the 
coupling  a  few  times  larger.  The  variation  of  the  lifetime  in 
the  operation  with  several  bunches,  where  the  Touscheck 
effect  dominates  the  beam  lifetime,  is  shown  in  Figure  8. 
The  sudden  jumps  of  the  lifetime  correspond  to  the  gap 
changes  of  some  ID’s  which  generate  additional  coupling 
driving  term.  These  extra  skew  quadrupole  fields  can  be 
simply  corrected  by  one  or  two  skew  quadrupole  magnets 
placed  adjacent  to  the  ID’s. 

At  present  the  spurious  vertical  dispersion  of  the  SPring- 
8  storage  ring  is  order  of  one  centimeter.  The  bunch  height 


Figure  8:  Current  and  lifetime  during  the  user  operation 
with  several  bunches. 


spread  due  to  the  vertical  dispersion  is  comparable  to  that 
due  to  the  linear  betatron  coupling.  It  is  intended  to  in¬ 
stall  24  skew  quadrupole  magnets  at  the  dispersive  sections 
for  correcting  the  vertical  dispersion.  The  simulation  result 
represented  in  Figure  9  shows  that  the  skew  quadrupole 
correctors  reduce  the  vertical  dispersion  by  half  in  r.m.s.. 
The  correction  of  the  vertical  dispersion  is  limited  by  the 
measurement  accuracy  of  BPM,  which  at  present  is  order 
of  a  few  ^m’s.  The  correction  scheme  is  imposed  with  the 
constraint  of  not  exciting  any  other  resonances  so  that  it 
does  not  deteriorate  the  linear  betatron  coupling. 
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Figure  9:  Vertical  dispersion  before  and  after  correction. 
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Abstract 

The  installation  of  the  vacuum  system  of  the  SPring-8 
storage  ring  was  completed  during  1996.  Most  of  the 
vacuum  chambers  are  made  of  aluminum  alloy.  The  main 
pumping  system  is  a  mixed  one  consisting  of  NEG  strips, 
DIP,  SIP,  and  LNP.  In  addition  to  the  standard  treatments 
for  ultrahigh  vacuum  components,  dust-controlled  proce¬ 
dure  was  adopted  in  the  manufacturing  and  the  installa¬ 
tion  processes. 

Beam  commissioning  of  the  SPring-8  storage  ring 
started  in  March  1997.  Since  then  an  integrated  beam 
dose  of  190 Ah  has  been  achieved  up  to  now,  and  corre¬ 
spondingly,  the  dynamic  pressure  rise  per  stored  beam 
current  (*P/I)  decreased  by  two  orders  of  magnitude.  In 
the  multi-bunch  mode  a  lifetime  of  65  hours  at  70mA 
were  achieved  after  two  years’  operation.  Since  the  verti¬ 
cal  emittance  is  extremely  small,  the  beam  lifetime  is 
limited  not  only  by  dynamic  pressure  but  also  by 
Touschek  effect  even  in  the  multi-bunch  mode.  The  con¬ 
tributions  of  the  gas  scattering  lifetime  and  Touschek  life¬ 
time  are  estimated  in  the  case  of  the  SPring-8  storage 
ring. 

I  INTRODUCTION 

In  the  synchrotron  light  source,  due  to  the  large  desorp¬ 
tion  induced  by  the  synchrotron  radiation  (SR),  The  dy¬ 
namic  pressure  in  the  electron  storage  ring  vacuum  sys¬ 
tem  is  very  high  in  the  early  stage  of  commissioning,  in 
spite  of  the  fact  that  a  static  ultrahigh  vacuum  environ¬ 
ment  has  been  achieved.  The  interactions  between  the 
electron  beam  and  the  gas  molecules  desorbed  from  the 
chamber  surface  result  in  beam  loss  and  emittance 
growth.  Many  criteria  must  be  considered  when  designing 
the  vacuum  system  of  an  electron  storage  ring.  The  de¬ 
sign,  fabrication,  and  testing  of  the  vacuum  chambers 
have  been  described  previously  [l]-[3]. 

The  operation  of  the  vacuum  system  shows  good  fea¬ 
tures  of  quick  beam  self-cleaning.  In  this  paper,  the  con¬ 
ditioning  of  the  SPring-8  vacuum  system  and  beam  life¬ 
time  are  described.  The  figure  of  merit  for  vacuum  con¬ 
ditioning  is  the  stored  beam  lifetime. 


2  VACUUM  SYSTEM  OF  THE  SPring-8 
STORAGE  RING 

The  vacuum  system  of  the  SPring-8  storage  ring  is  made 
of  44  normal  cells  and  4  long  straight  cells,  isolated  by  all 
metal  rf-shielded  gate  valves.  Each  normal  cell  is  com¬ 
posed  of  three  straight  section  chambers  (SSC’s)  with  an 
absorber,  two  bending  magnet  chambers  (BMC’s),  two 
crotch  chambers  (CR’s)  equipped  with  an  crotch- 
absorber,  two  rf-shielded  gate  valves,  one  dummy  cham¬ 
ber  (IDD),  four  bellows  assembled  chambers  (BEC’s).  A 
dummy  chamber  will  be  replaced  by  the  vacuum  system 
of  the  insertion  device  one  by  one. 

The  vacuum  chamber  materials  are  mainly  aluminum 
alloys  to  benefit  from  their  low  outgassing  rate,  high 
thermal  conductivity,  low  radio  activity,  and  so  on.  The 
SSC  and  the  BMC  are  made  of  A6063-T5  aluminum  al¬ 
loy  by  extrusion  with  the  cooling  channels  on  the  both 
sides.  The  SSC  consists  of  a  beam  chamber  and  a  slot- 
isolated  ante-chamber  in  which  a  pair  of  non-evaporable 
getter  (NEG)  strips,  allowing  for  distributed  pumping  are 
installed.  The  BMC  includes  a  rectangular  pump  channel 
in  which  a  distributed  ion  pump  (DIP)  is  installed,  a  beam 
chamber  and  a  slot-isolated  ante-chamber  in  which  a 
NEG  strip  is  contained.  The  beam  chambers  of  the  SSC 
and  BMC  are  extruded  with  the  same  cross  section  in  an 
ellipse  70  mm  in  width  and  40  mm  in\jieight. 

To  achieve  a  beam  lifetime  of  approximately  24 
hours,  the  vacuum  chamber  with  its  pumping  system 
should  be  designed  so  as  to  maintain  the  dynamic  pres¬ 
sure  of  the  order  of  10 7  Pa  or  less  with  a  stored  beam  of 
100mA.  In  our  vacuum  system,  SR  is  almost  intercepted 
by  the  crotch- absorbers  and  absorbers  placed  just  down¬ 
stream  and  upstream  of  bending  magnets. 

The  main  pumping  system  is  based  on  NEG  strips 
which  are  used  in  the  SSC’s  and  BMC’s  to  evacuate  the 
scattered  molecules,  and  lumped  NEG  pump  (LNP)  for 
evacuating  mainly  SR-induced  gases  at  the  crotch  and 
absorber  location.  In  addition  to  the  NEG  strip,  a  DIP  is 
installed  in  along  side  the  beam  chamber  of  the  BMC.  A 
sputter  ion  pump  (SIP)  which  assists  the  LNP  is  also  used. 
They  offer  the  total  pumping  speed  of  about  10,000  1/s 
(=10m3/s)  for  one  unit  cell. 
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The  photon  absorbers  are  made  from  Glid-Cop  be¬ 
cause  of  high  allowable  thermal  stress  of  60  kg/mm2, 
compared  to  10  kg/mm2  of  OFHC.  The  absorbers  have  the 
structure  in  which  particles  such  as  reflected  photons, 
photoelectron  and  SR-induced  outgases  are  efficiently 
trapped.  SR-induced  outgases  are  evacuated  locally  by 
the  high  capacity  pumping  system  before  the  outgases 
have  a  chance  to  bounce  into  the  beam  chamber.  The  part 
of  the  photon  beam  power  from  a  bending  magnet  of  10.5 
kW,  about  6.6  kW  (34  kW/cm2)  is  irradiated  at  the  crotch- 
absorber  and  the  remaining  beam  power  deposited  at  the 
absorbers  placed  downstream  of  the  crotch-absorber. 

3  VACUUM  CONDITIONING  AND 
BEAM  LIFETIME 

All  of  the  SSC’s,  BMC’s  and  IDD’s  were  150  °C  pre¬ 
baked  in  advance  of  the  chamber  installation  in  the  stor¬ 
age  ring  tunnel  in  order  to  remove  chamber  warps  which 
were  caused  by  the  construction  process  and  welding.  The 
NEG  pumps  were  activated  at  the  last  stage  of  pre-baking 
procedure.  Residual  pressure  after  the  pre-baking  was  the 
order  of  108  Pa  or  less.  All  of  the  installation  works  were 
accomplished  in  a  clean  room  or  clean  booth.  After  the 
installation  of  the  vacuum  system  in  the  storage  ring  tun¬ 
nel,  the  140  °C  baking  of  the  vacuum  system  and  the 
NEG  activation  were  done.  The  installation  of  the  vac¬ 
uum  system  of  the  SPring-8  storage  ring  was  completed 
in  October  1996.  Before  the  first  beam  injection  on 
March  13,  1997,  ultimate  static  vacuum  pressure  reached 
to  about  9x1  O'9  Pa  at  the  absorber  section  and  5x1  O’*  Pa  at 
the  SSC  section.  A  thermal  outgassing  rate  ( q )  of  the  ex¬ 
truded  aluminum  alloy  chamber  was  measured  for  the 
R&D  of  the  vacuum  chamber  of  the  SPring-8  storage  ring 
[4],  As  a  result,  q  was  6.7xl0‘9  Pa  m’  m  -  s1  after  a  baking 
at  140  °C  for  40  hours.  Because  total  inner  surface  area  of 
the  vacuum  chamber  per  one  unit  cell  is  about  23m3, 
thermal  outgassing  amounts  ( Q )  is  1.5xl0'7  Pam3s‘.  As 
previously  mentioned  total  pumping  speed  (5)  of  one  unit 
cell  is  about  10,000  1/s  (=10m3/s).  Therefore,  1.5xl0‘8  Pa 
of  the  pressure  ( =Q/S)  is  obtained.  This  value  is  good 
agreement  with  the  ultimate  static  vacuum  pressure  after 
the  installation  and  the  baking. 

The  first  stored  beam  was  obtained  in  March  25,1997. 
With  the  beam  stored,  the  pressure  increased  abruptly  due 
to  the  photon  induced  gas  loads.  The  amount  of  gas  loads 
is  proportional  to  the  beam  current  and  the  molecular 
desorption  yield  so  that  at  the  early  stage  of  commission¬ 
ing,  the  gas  loads  mainly  depend  on  the  molecular  de¬ 
sorption  yield.  The  normalized  pressure  rise  (’P/I)  were 
measured  as  high  as  3x1 0'2  Pa/A  initially  and  reduced  to 
2xl0'5  Pa/A  before  the  summer  shutdown  period  of  1997. 
After  this  period,  the  beam  was  stored  as  high  as  possible 
at  overnight  in  order  to  clean  up  the  photon  irradiating 
surfaces  by  accumulating  the  total  beam  dose.  As  a  result, 
the  integrated  beam  dose  reached  to  1 1  Ah  and  the  beam 


lifetime  has  increased  from  about  3  hours  to  15  hours 
with  a  beam  current  of  20mA  after  the  summer  shutdown 
period  of  1997. 

In  the  summer  shutdown  period  of  1997,  all  of  the 
NEG  strips  and  LNP  were  re-activated.  The  dynamic 
pressure  was  reduced  by  about  one  second  at  the  SSC 
section,  and  then  the  beam  lifetime  increased.  In  the 
summer  shutdown  period  of  1998,  NEG  activation  was 
made  again.  A  significant  effect,  however,  could  be  ob¬ 
served  in  the  dynamic  pressure  and  in  the  beam  lifetime. 
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Figure  1:  The  normalized  pressure  rise  (A P/l)  as  a 
function  of  the  integrated  beam  dose. 

The  averaged  pressure  readings  of  the  storage  ring  are 
<1x10  *  Pa  without  electron  beam,  1x10 7  Pa  at  the  SSC 
and  9xl0'7  Pa  at  the  crotch  and  absorber  location  with  a 
beam  current  of  70  mA.  After  a  continuous  cleaning  by 
the  SR,  the  pressure  rise  due  to  the  photon  induced  de¬ 
sorption  (PID)  effect  was  significantly  reduced.  Figure  1 
shows  the  A PII  at  the  SSC,  crotch  and  absorber  section  of 
No.  14  cell  as  a  function  of  the  integrated  beam  dose.  The 
A P/I  decreased  by  about  two  orders  of  magnitude  after  an 
accumulated  beam  dose  of  190Ah.  It  shows  the  beam 
self-cleaning  effect  on  the  vacuum  chamber.  From  this 
figure,  in  the  early  stage  of  commissioning  A P/I  decreases 
steadily  with  the  slope  of  -0.57.  For  the  CR2, 

A/V/=3.7xl05/T°57,  (1) 

where  D  is  the  integrated  beam  dose.  The  photo¬ 
desorption  yields  (77)  at  the  crotch-absorber  section,  CR2, 
is  estimated  using  the  following  formula  [5]: 

T)  =AQ/AN 

=KSeff  (A P  /I)/(AN  II)  (molecules/photon),  (2) 

where  A2(Pa-mV)  =Srff  A P  is  the  gas  desorption  rate,  Stfr 
(Pa/s)  =lm3  is  the  effective  pumping  speed  of  the  LNP  at 
the  crotch-absorber  section,  A P  is  the  pressure  rise  due  to 
PID,  /(A)  is  the  beam  current,  A/V(photons/s)=8.05xl020 
EI(AG/2m)  is  the  photon  flux  irradiates  on  the  crotch- 
absorber,  £=8GeV,  A0(rad)=O.O325rad  is  the  photon  span 
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on  the  crotch-absorber,  and  A==2.26xl020  (mole¬ 
cules/Pam3)  is  the  proportional  constant.  By  using  the 
data  and  formulas  mentioned  above,  a  photo-desorption 
yields  at  the  crotch-absorber  section  is  estimated, 


7]cr2=3.0x104£)'0  57  (molecules/photon).  (3) 


At  an  accumulated  beam  dose  of  lOAh,  ^7CR2=8 .1x1 0  s 
molecules/photon  was  achieved.  A  photo-desorption 
yields  at  the  range  of  the  integrated  beam  dose  larger  than 
lOAh  may  be  smaller  than  this  value.  A  correct  value  can 
not  be  estimated,  because  some  of  the  ionization  gauges 
malfunctioned  due  to  the  effect  of  the  photoelectron  in¬ 
duced  by  SR,  especially  at  the  crotch-absorber  and  ab¬ 
sorber  section. 

Figure  2  shows  the  product  of  the  electron-beam  cur¬ 
rent  (7)  and  the  beam  lifetime  (r)  versus  the  accumulated 
beam  dose  on  the  multi-bunch  mode  and  several  bunch 
mode  operation.  The  one  of  the  user  operation  mode  of 
the  SPring-8  storage  ring  is  the  multi-bunch  mode  where 
two  third  of  the  2436  available  RF  buckets  are  filled  con¬ 
tinuously  with  electron.  An  integrated  beam  dose  of 
190 Ah  and  a  beam  lifetime  of  65  hours  at  70  mA  of  the 
beam  current  were  achieved  in  the  multi-bunch  mode 
after  two  years’  operation.  The  lifetime  in  the  several 
bunches  mode  is  limited  by  Touschek  effect. 


i<r 


103 


102 


10' 


10" 


*• 

o 

9°®° 

o 

"  o 

°  multi  bunch  mode  1 

•  several  bunch  mode  ( 1  mA/bunch)  | 

. 1  . 1  . 1  . . 

o.ooi  o.oi  o.i 


10  100  1000 


Dose  [Ah] 

Figure  2:  The  product  of  the  beam  current  (I)  and  the 
beam  lifetime  (t)  versus  the  accumulated  beam. 


In  multi-bunch  mode  of  2/3-filling,  the  beam  current 
of  70mA  have  been  stored  at  user  time,  which  means  a 
population  of  0.043m A/bunch.  In  the  SPring-8  storage 
ring,  the  beam  lifetime  in  the  uniform  filling  mode  is  sig¬ 
nificantly  longer  than  that  in  the  partial-filling  mode  as 
shown  in  Fig.  3.  In  the  electron  storage  ring,  electron 
beam  traps  ions,  which  are  produced  by  collisions  of  the 
electron  beam  with  the  residual  gas  molecules.  Electrons 
and  trapped  ions,  interact  with  each  other  and  cause  the 
instability.  Ions  are  always  trapped  and  electron  beam 
size  may  be  growth,  so  that  the  beam  lifetime  is  longer  in 
the  uniform  filling. 

Another  operation  mode  is  several  bunch  mode.  The 


21 -bunch  mode  (21  equally  spaced  bunches),  the  21- 
bunch  train  mode  (21  equally  spaced  3-  or  7-bunches 
trains),  10-bunch  +  partially  filled  multi-bunch,  and  so  on 
are  used  at  the  user  time.  1  or  0.5  mA/bunch  routinely 
stored  at  the  several  bunch  mode  of  the  user  time.  The 
vacuum  pressure  in  the  several  bunch  mode  is  as  same  as 
in  the  multi-bunch  mode  (2/3-filling). 

Touschek  lifetime  is  about  6  hours  at  the  single  bunch 
operation  (1  mA/bunch)  of  the  nominal  machine  parame¬ 
ter  of  the  SPring-8  storage  ring  [6].  As  the  total  lifetime 
(t)  in  the  2/3-filling  mode  is  65  hours  at  the  beam  current 
of  70mA,  gas  scattering  lifetime  is  estimated  using  a  rela¬ 
tionship:  1/t=1/t,+1/t  ,  where  t,  and  x  are  Touschek  and 
gas  scattering  lifetime,  respectively.  Since  x=65  hours  and 
T-120  hours  (at  a  population  of  0.43mA/bunch),  t~  1 40 
hours. 
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Current  (mA)  /  Bunch 

Figure  3:  The  beam  lifetime  versus  the  filling  pat¬ 
terns  of  the  multi-bunch  mode. 

4  CONCLUSION 

The  SPring-8  storage  ring  vacuum  conditioning  is 
progressing  extremely  well.  A  photo-desortion  yields  at 
the  crotch-absorber  section  is  8.1x10 5  molecules/photon 
or  less.  About  65  hours  beam  lifetime  was  achieved  at  a 
beam  current  of  70mA  in  the  multi-bunch  mode. 
Touschek  lifetime  is  about  6  hours  at  the  single  bunch 
operation,  a  population  of  ImA/bunch.  A  gas  scattering 
lifetime  is  about  145  hours  at  a  beam  current  of  70mA 
with  2/3-filling  mode  operation. 
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MULTIPOLE  SPILLDOWN  IN  THE  SPEAR  3  DIPOLE  MAGNETS* 

J.  Corbett.  D.  Dell’Orco,  Y.  Nosochkov  and  J.  Tanabe 
Stanford  Linear  Accelerator  Center/SSRL,  Stanford,  CA  94309 


Abstract 

The  main  SPEAR  3  dipole  magnets  are  1 .45  m  long  with 
a  pole  contour  designed  to  horizontally  deflect  and 
vertically  focus  the  electron  beam.  At  the  nominal  beam 
energy  (3  GeV),  the  field  and  gradient  along  the  magnet 
centerline  are  1.3  T  and  3.3  T/m  (k=-0.33  m'2), 
respectively.  Due  to  the  straight  core  construction,  the 
beam  passes  through  each  dipole  with  up  to  16.6  mm 
trajectory  offset  relative  to  the  centerline.  This  paper 
describes  a  method  used  to  characterize  the  spilldown  effect 
from  magnetic  multipole  fields  as  observed  by  the  beam 
traversing  the  dipole  magnets.  Results  of  tracking  studies 
utilizing  the  longitudinal  variation  of  multipole  fields  are 
discussed. 

1  SPEAR  3  DIPOLE  MAGNETS 

As  illustrated  in  Fig.  1,  the  SPEAR  3  dipoles  have  pole 
faces  contoured  to  produce  a  k- value  of  -0.33  m‘2  [1,2],  In 
order  to  simplify  fabrication,  a  choice  was  made  to 
construct  the  magnets  with  straight  rather  than  curved 
cores.  Figure  2  shows  a  plan  view  of  the  curved  beam 
trajectory  passing  through  the  dipoles.  To  first 
approximation,  the  trajectory  describes  a  hyperbolic  cosine 
curve  [3,  4]  rather  than  a  uniform  radius  curve.  At  the 
magnet  entrance,  center,  and  exit,  the  trajectory  is  offset 
from  the  nominal  magnet  centerline  by  16.6  mm.  The 
good  field  region  (GFR)  was  specified  by  adding  32  mm 
to  the  trajectory  offset  for  a  total  span  of  almost  98  mm. 
The  wide  GRF  specification  results  in  the  wide  magnet 
cross-section  shown  in  Fig.  1. 


Figure  1:  Cross  section  of  a  SPEAR  3  gradient  dipole 
magnet. 
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Figure  2:  Beam  trajectory  through  a  SPEAR  3  dipole. 

The  error  multipoles  sampled  by  the  off-axis  beam  are 
‘spilldown’  terms  from  higher  to  lower  multipoles. 
Simple  examples  of  spilldown  are  the  dipole  kick  received 
by  a  beam  passing  off-axis  through  a  quadrupole,  or  the 
quadrupole  and  dipole  field  components  seen  by  a  beam 
passing  off-axis  through  a  sextupole.  In  a  straight  dipole 
magnet  with  multipole  field  content,  the  spilldown  terms 
come  from  the  lateral  displacement  of  the  beam  along  the 
curved  trajectory. 

In  this  paper,  we  present  a  matrix  formalism  to 
calculate  the  spilldown  coefficients  following  the  beam 
trajectory  through  the  SPEAR  3  dipoles.  The  multipole 
content  originates  from  systematic  field  errors  caused  by 
the  finite  extent  of  the  poles.  For  tracking  purposes  the 
dipole  magnets  were  sliced  longitudinally,  with  each  slice 
assigned  appropriate  multipole  spilldown  terms. 

2  MULTIPOLE  CALCULATIONS 

The  multipole  content  of  the  dipole  magnets  must  be 
identified  to  evaluate  lattice  performance  in  tracking 
simulations.  In  practice,  tracking  codes  typically  specify 
multipole  components  with  respect  to  the  ideal  beam 
trajectory.  If  the  beam  deviates  from  this  trajectory  (orbit 
errors,  betatron  oscillations)  the  multipole  components 
‘kick’  the  beam  resulting  in  tune  shift,  resonant 
excitation,  etc.  To  be  consistent,  for  a  curved  beam 
trajectory  through  a  ‘straight’  dipole  field  the  multipole 
spilldown  fields  should  also  be  taken  into  account. 

For  SPEAR  3,  we  felt  the  +/-16.6  mm  deviation  of 
the  design  electron  beam  trajectory  from  the  straight 
multipole  axis  in  the  dipole  magnets  was  sufficiently 
large  to  warrant  further  investigation.  The  high  order 
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multipoles  could  spilldown  to  components  with 
potentially  adverse  effects  on  dynamic  aperture. 

To  model  this  behavior,  we  ‘sliced’  the  dipole  magnets 
longitudinally  and  computed  the  net  multipole  terms  in 
the  center  of  each  slice.  The  sliced  magnets  with 
associated  multipole  terms  were  then  used  for  dynamic 
aperture  simulations. 

The  multipole  field  components  at  any  location 
displaced  laterally  by  Ax  from  the  magnet  center  can  be 
expanded  about  the  nominal  center  of  the  magnet  as  [5]: 


Multipole 

Nominal 

n=3 

+1.0x1  O'4 

n=4 

-l.OxlO-4 

n=5 

-5.0x1  O'5 

n=6 

+1.0x1  O'4 

n=7 

-l.OxlO-4 

n=8 

+1.0x1  O'4 

n=9 

+1.0x1  O'4 

n=10 

-l.OxlO4 

Table  1 :  Normal  multipole  content  B„/B  in  the  SPEAR  3 
dipoles  evaluated  at  ro=30  mm  from  the  straight  magnetic 
centerline. 


/  B  \  f  j  y-l  f zn  ~ 1  +  (n  -  l)zn  ~  2 Ax  + 

ro  Kr0  j  1  zn-1-kAxk +*»*Axn~1 


where  z  =  x  -  iy  and 

(«-!)! 
k\(n  -\  —  k)\ 


is  the  binomial  coefficient 


Collecting  terms  with  like  powers  of  z  from  each 
straight  multipole  component,  the  net  multipole 
spilldown  coefficients  are  computed.  The  computation  can 
be  expressed  as  a  matrix  equation,  bspilldown  =  [T]bcenler 
where  the  elements  in  the  ‘spilldown’  column  vector 
(Bn\ 

bspiiidown  316  —  and  the  elements  in  the  center 


column  vector  are  — —  for  n>2.  Defining  8=Ax/r0,  the 

'  B  'ro 

row/column  elements  T;j  in  the  transfer  matrix  [T]  can  be 
written  as: 


Ty  =  kjj  AxH 

where  k,j  =  j 

for  i,j  >  1 

kji  =  0 

for  i  >  1 

jy 

1! 

PC 

S 

"+ 

j* 

<9 

for  i  >  1  and  j  >  1 

The  structure  of  the  transfer  matrix  is  quite  simple. 
For  example  a  maximum  multipole  error  index  of  n=6 
(maximum  i,  j=5)  has  the  transfer  matrix: 


0  0.5  1.0  1.5 

6-9B  .  . 

8413A62  Z  (m) 


Figure  3:  Normal  multipole  spilldown  terms  (B,/B)  at 
ro=30  mm  as  a  function  of  longitudinal  position. 


The  binomial  coefficients  are  evident  in  the  columns  of 
[T].  After  computing  the  trajectory  variation  Ax  through 
the  magnet,  the  ‘local’  multipole  spectrum  bspilldown  is 
calculated  by  multiplying  the  nominal  multipole  spectrum 
along  the  straight  magnetic  axis  (bccnter)  by  the  transfer 
matrix  [T]. 

For  the  SPEAR  3  magnets  the  systematic  multipole 
errors  normalized  to  the  fundamental  field  were  computed 
from  ANSYS.  The  resulting  values  for  B„/B  are  listed  in 
Table  1  [6].  Figure  3  shows  the  corresponding  spilldown 
terms  plotted  as  a  function  of  longitudinal  position.  For 
comparison,  SPEAR  3  tracking  simulations  are  typically 
performed  with  B„/B  =  5x1  O'4  at  ro=30mm  for  all 
systematic  multipole  fields  throughout  the  full  length  of 
each  dipole.  The  average  values  in  Fig.  3  are  considerably 
below  5x1  O'4. 
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3  TRACKING  STUDIES 

The  impact  of  spilldown  on  SPEAR  3  dynamic  aperture 
was  evaluated  with  element-by-element  tracking 
simulations.  The  spilldown  effect  was  simulated  in  each 
of  the  twenty  eight  1.45  m  dipoles.  Eight  additional  3/4- 
bend  dipoles  [2]  have  a  smaller  sagitta  so  spilldown  effects 
were  neglected.  Each  1.45  m  dipole  magnet  was  sliced 
into  10  segments  and  assigned  systematic  multipole  fields 
according  to  Table  1  and  Figure  3.  All  magnets  in  the 
storage  ring  were  seeded  with  rms  main  field  errors,  rms 
multipole  errors,  and  alignment  errors  [7].  The  lattice 
tracking  code  LEGO  [8]  then  performed  orbit  correction, 
betatron  tune  fitting  (Qx=14.19,  Qy=5.23),  chromaticity 
correction  (t,x=^y=0)  and  coupling  correction  prior  to 
tracking. 

To  test  the  sensitivity  of  dynamic  aperture  to  multipole 
content  in  the  dipoles,  the  set  of  straight-magnet 
multipoles  in  Table  1  was  uniformly  scaled  to  higher 
values,  spilldown  calculations  performed  and  tracking 
simulations  carried  out.  In  this  case,  the  simulations 
showed  little  or  no  reduction  of  dynamic  aperture  for  a 
scaling  factor  up  to  10  times  the  values  listed  in  Table  1. 
The  insensitivity  of  dynamic  aperture  to  multipole  field 
amplitude  in  the  dipole  magnets  is  likely  due  the  low 
value  of  the  horizontal  betatron  function  throughout  much 
of  the  magnets  and  cancellations  of  multipole  kicks  as  the 
electron  beam  trajectory  traverses  from  inside  to  outside 
and  back  through  the  dipole  magnets. 

Although  strong  skew  multipole  terms  are  not 
anticipated  from  the  dipole  magnets  (single  piece 
lamination)  skew  effects  were  also  studied  by  rolling  the 
dipole  magnet  cores.  Since  the  dipole  magnets  contain  a 
quadrupole  field,  the  nominal  rms  roll  specification  is  0.5 
mrad.  To  increase  the  skew  multipole  terms,  the  rms  roll 
was  raised  to  as  much  as  5  mrad  with  the  factor  of  10 
multipole  scaling  applied.  Again,  negligible  effect  was 
observed  on  the  dynamic  aperture.  For  these  simulations, 
the  vertical  dipole  kicks  produced  by  rotating  the  vertical 
dipole  field  were  partially  canceled  by  applying  a 
horizontal  ‘multipole’  field  A,  =  sin(0)/p.  The  kick 
cancellation  was  necessary  to  produce  stable  (uncorrected) 
closed  orbits  in  the  vertical  plane. 

4  SUMMARY 

This  paper  provides  a  simple  yet  elegant  formalism  to 
calculate  the  multipole  spilldown  terms  for  a  curved  beam 
trajectory  through  a  straight  dipole  magnet.  The  method 
was  applied  to  the  SPEAR  3  dipoles  to  simulate  the 
dynamical  effects  of  lateral  beam  displacement.  The  local 
spilldown  terms  were  found  to  exceed  the  ‘straight’  dipole 
values  by  as  much  as  a  factor  of  5-10  at  maximum  beam 
displacement.  The  average  values  of  B/B,  however,  are 
below  the  longitudinally  constant  field  values  B/B  = 


5xlO'4lro=30  mm  used  for  most  SPEAR  3  tracking  studies 
[2,7]. 

Using  a  ‘sliced’  dipole  model,  multipole  spilldown 
was  found  to  have  only  a  small  effect  on  dynamic  aperture 
even  after  the  multipole  strengths  were  scaled  up  by  a 
factor  of  10.  Studies  of  skew  multipole  terms  introduced 
by  rolling  the  dipole  magnet  also  showed  little  or  no 
effect  on  dynamic  aperture.  Based  on  these  studies,  the 
straight  magnet  core  design  for  the  gradient  dipoles 
appears  to  yield  acceptable  performance. 
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Abstract 

The  SPEAR  3  upgrade  lattice  will  provide  much  reduced 
beam  emittance  to  increase  the  brightness  of  synchrotron 
radiation  beams  from  wigglers  and  undulators.  Seven  ex¬ 
isting  insertion  devices  will  be  used  in  the  lattice.  In  this 
paper  we  review  the  wiggler  parameters,  outline  the  wig- 
gler  compensation  scheme,  and  evaluate  wiggler  effect  on 
the  optics  and  dynamic  aperture. 

1  INTRODUCTION 

Many  of  the  drift  sections  in  SPEAR  3  will  contain  wig¬ 
glers  or  undulators.  In  the  present  machine,  there  are  7 
insertion  devices  (ID).  In  this  paper,  we  review  the  mag¬ 
netic  parameters  for  each  of  these  ID’s,  estimate  linear  and 
higher  order  wiggler  effects,  evaluate  radiation  effects,  and 
discuss  correction  of  wiggler  focusing  using  quadrupole 
trim  windings.  Tracking  results  show  that  dynamic  aper¬ 
ture  reduction  due  to  wiggler  effects  is  modest.  All  optics 
calculations  were  done  with  the  MAD  code  [1],  and  the 
tracking  simulations  with  the  LEGO  code  [2]. 


2  WIGGLER  PARAMETERS,  EFFECTS 
AND  MODELING 


In  SPEAR  3,  the  horizontally  deflecting  ID’s  reside  in  dis¬ 
persion  free  straights  where  the  unperturbed  /3  functions 
are  /3x/0y  =10.1/4.8  m.  The  magnetic  field  parameters  for 
each  ID  are  given  in  Table  1,  where  N  is  the  number  of 
periods,  A  the  period  length,  B„  the  peak  field.1  Future  de¬ 
vices  are  likely  to  be  ~  10-period  wigglers  similar  to  Beam¬ 
lines  9  and  11.  These  devices  will  replace  the  wigglers  on 
Beamlines  4  and  7  or  illuminate  new  beam  lines. 

The  main  optical  effects  of  the  wigglers  on  the  SPEAR 
3  lattice  are  also  summarized  in  Table  1.  The  parameter 
definitions  and  relevant  formulas  are  listed  below: 


Bend  radius 
Wiggler  parameter 
Integrated  focusing  [3] 
Linear  tune  shift 
Maximum  /3-beat 

Amplitude  dependent 
tune  shift  [4] 


Po{m)  =  3.3356^^ 

K  =  93.44£0(T)A(m) 
fkyds  = 

A Qy  =  §%  f  kyds 

A/?„  _  0y  f  kvds 
Py  2sin2nQy 


A Qoct  -  e  fl  4-  2(AA) 

—  ey  4A p{  l1  +  3  V  2/3„  ' 

+  1(A[A)41 

^  5  1  2(3y  '  j 


2  /  NX  \2 
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76SF00515. 
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'Beamline  5  can  use  five  separate  devices:  (1)  N= 10,  A=0.18,  (2) 
iV=15,  A=0.12,  (3)  1V=24,  A=0.07,  (4)  AT=30,  A=0.06,  and  (5)  elliptically 
polarized  undulator  (EPU).  Here,  we  chose  the  N=10,  A=0.18  wiggler. 


Table  1 :  Wiggler  parameters  and  main  optics  effects. 


Beamline 

4,7 

5 

6 

9 

10 

11 

N 

4 

10 

27 

8 

15 

13 

A  (cm) 

45 

18 

7 

26 

13 

17.4 

B0  (T) 

1.8 

0.9 

1.3 

1.93 

1.45 

1.98 

p0  (m) 

5.56 

11.12 

7.70 

5.18 

6.90 

5.05 

K 

75.7 

15.1 

8.5 

46.9 

17.6 

32.2 

f  kyds  (m_1) 

.029 

.007 

.016 

.039 

.021 

.044 

A  Qy 

.011 

.003 

.006 

.015 

.008 

.017 

Apy/By  (%) 

7.0 

1.8 

3.9 

9.4 

5.0 

10.7 

AQ°C<[10-4] 

0.4 

0.6 

9.1 

1.6 

3.4 

4.1 

where  Qy= 5.23  is  the  vertical  betatron  tune,  ey  the  vertical 
emittance,  and  E= 3  GeV  the  beam  energy. 

For  a  flat  horizontal  wiggler  the  field  components  can  be 
expressed  as  [5]: 

By  =  B0  cosh(ky)  cos(fcz),  (1) 

Bz  =  —B0smh(ky)sin(kz),  (2) 

where  k  =  27r/A,  y  and  2  are  the  vertical  and  longitudi¬ 
nal  coordinates,  and  z=0  the  center  of  a  pole.  The  integral 
of  the  By  field  (Eqn.  1)  with  respect  to  the  reference  tra¬ 
jectory  vanishes  over  each  wiggler  period.  This  leads  to 
self  compensation  of  the  optics  effects.  For  instance,  the 
horizontal  orbit  and  dispersion  generated  by  By  are  fully 
localized  within  each  period.  The  amplitude  of  the  orbit 
and  dispersion  is  proportional  to  A 2B0,  and  the  increase  in 
beam  path  length  is  proportional  to  X^B^N.  Hence,  the 
largest  orbit  oscillations  are  produced  in  the  wigglers  with 
the  longest  poles.  The  total  increase  of  the  path  length  for 
all  7  wigglers  is  191  pm. 

Taking  into  account  the  horizontal  orbit  oscillations  of 
the  beam,  the  Bz  field  (Eqn.  2)  can  be  decomposed  into 
longitudinal  and  horizontal  components  on  the  beam  orbit. 
Although  the  integral  of  the  longitudinal  component  van¬ 
ishes  over  each  period,  one  can  can  find  a  non-zero  integral 
of  the  field  horizontal  to  the  beam  trajectory  [3]: 

fV=-^+f*v4*v+...>,ro 

where  label  x  refers  to  the  local  horizontal  axis  with  respect 
to  the  oscillating  beam  orbit. 

The  first  term  in  Eqn.  3  (oc  y)  is  similar  to  the  vertical 
gradient  in  quadrupoles  and  thus  results  in  vertical  focus¬ 
ing,  namely  the  vertical  tune  shift  A Qy  and  vertical  beta¬ 
tron  beat  A/3a  j (3 y .  The  total  linear  tune  shift  is  AQy=0.07 1 
for  all  7  wigglers.  The  pattern  of  the  /3-beat  depends  on 
the  distribution  of  wigglers  in  the  ring.  The  ~90°  vertical 
phase  advance  per  cell  helps  to  minimize  beta  perturbations 
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from  a  pair  of  wigglers  if  they  are  located  on  either  side  of 
the  same  cell.  All  7  wigglers  generate  about  ±25%  vertical 
/3-beat  in  the  ring  without  correction. 

The  first  non-linear  wiggler  effect  comes  from  the  sec¬ 
ond  term  in  Eqn.  3  (oc  y3).  This  octupole-like  field  gen¬ 
erates  quadratically  increasing  vertical  tune  shift  with  y- 
amplitude.  For  devices  of  similar  length  (NX)  the  ef¬ 
fect  is  proportional  to  1/A2.  In  Table  1,  this  tune  shift 
was  evaluated  for  the  maximum  vertical  emittance  (ey=7.5 
mm-mrad)  defined  by  the  smallest  vacuum  chambers  at 
Beamlines  6  and  11  (y= 6  mm,  /3y=4.8  m).  The  maximum 
total  tune  shift  for  7  wigglers  is  A£J°ct=0.002.  This  value 
is  significantly  smaller  than  the  amplitude  dependent  tune 
shift  caused  by  the  sextupoles  and  was  considered  accept¬ 
able.  Tracking  simulations  with  wiggler  effects  confirm 
that  the  vertical  dynamic  aperture  stays  well  outside  the 
physical  wiggler  aperture. 

For  optics  calculations,  each  wiggler  pole  was  simu¬ 
lated  by  a  shorter  pole  with  constant  vertical  field  and  with 
gaps  between  the  poles  [3].  In  this  model,  the  pole  field, 
Bp  =  B07t/4,  and  pole  length,  Lp  =  4A/7 r2,  were  set  to 
produce  the  same  bending  and  focusing  effect  as  the  actual 
wiggler  field.  Therefore,  the  model  yields  the  correct  lin- 
eartune  shift,  /3-beat,  and  the  net  orbit  and  dispersion.  For 
tracking  studies,  higher  order  multipole  fields  were  added 
to  simulate  the  effects  of  non-linear  wiggler  fields  on  dy¬ 
namic  aperture. 

3  RADIATION  EFFECTS 

Synchrotron  radiation  and  quantum  excitation  in  wigglers 
increase  the  beam  energy  loss  and  change  the  equilibrium 
emittance  and  the  beam  energy  spread.  For  a  single  ID,  the 
relative  increase  in  energy  loss  per  turn  is  [6]: 

U-Uo  _  N\Pb 

U0  4t xpl  ’  K  ’ 

where  pb= 7.86  m  is  the  bend  radius  in  the  main  dipoles,  and 
U0= 913  keV/tum  (without  ID’s).  The  energy  loss  with  all 
7  wigglers  at  full  field  increases  by  23%  to  1 124  keV/tum. 
The  total  radiated  wiggler  power  is  225  kW  from  a  200  mA 
beam. 

The  relative  change  in  the  beam  energy  spread  due  to 
each  ID  is  given  by  [6]: 


2 


=  [1  + 


2N\p2b 
3t r2p| 


]/[!  + 


NXpb, 

4npl 


(5) 


With  7  wigglers  at  full  field,  the  net  energy  spread  on 
the  beam  increases  by  only  1.6%,  from  <r%!E= 0.097%  to 


Table  2:  Change  in  energy  loss  and  energy  spread  due  to 
wigglers. 


Beamline 

4,7 

5 

6 

9 

10 

11 

^(%) 

3.64 

0.91 

1.99 

4.84 

2.56 

5.54 

*££*(%) 

0.35 

-0.18 

-0.13 

0.66 

-0.04 

0.84 

Figure  1:  SPEAR  3  /3  functions  with  7  wigglers  (black 
boxes  on  the  top)  after  correction. 

0.0986%.  The  effects  of  individual  ID’s  are  listed  in  Ta¬ 
ble  2.  Emittance  calculations  show  that  7  wigglers  reduce 
the  horizontal  emittance  from  18.2  nmrad  to  15.3  nmrad. 

4  OPTICS  COMPENSATION 

The  wiggler  focusing  from  7  wigglers  at  full  field  gener¬ 
ates  ±25%  vertical  /3-beat  and  a  linear  vertical  tune  shift 
of  0.071.  This  distortion  breaks  the  periodicity  of  the  /3- 
functions  and  phase  advance  between  sextupoles,  which 
could  lead  to  stronger  sextupole  resonances  and  reduced 
dynamic  aperture. 

Several  options  are  possible  to  correct  the  wiggler  fo¬ 
cusing.  The  preferred  scheme  is  to  locally  compensate  the 
distortion  of  /3-functions  and  phase  advance  with  four  QF 
and  four  QD  independent  quadrupole  trims  located  to  either 
side  of  each  ID.  With  this  correction,  the  phase  advance 
stays  identical  in  all  cells,  the  global  tune  adjustment  is 
not  necessary  and  the  distortion  of  lattice  functions  at  sex¬ 
tupoles  is  minimal.  The  required  independent  quadrupole 
trims  are  less  than  10%.  This  correction  scheme  has  been 
designed  into  the  SPEAR  3  lattice  and  was  used  in  tracking 
studies  described  in  the  following  section.  The  SPEAR  3  /3 
functions  after  correction  of  7  wigglers  are  shown  in  Fig.  1 . 

5  EFFECT  ON  DYNAMIC  APERTURE 

Effects  of  IDs  on  dynamic  aperture  arise  from  reduced 
symmetry  and  lattice  periodicity,  distortion  of  /3-functions 
and  betatron  phase,  non-linear  wiggler  fields,  wiggler  field 
errors  and  misalignment.  In  tracking  simulations,  we  stud¬ 
ied  the  following  effects  of  wigglers  on  dynamic  aperture: 

-  Linear  wiggler  focusing, 

-  Effect  of  systematic  multipole  field  errors  in  wigglers, 

-  Effect  of  intrinsic  non-linear  wiggler  field. 

Without  correction  of  the  wiggler  focusing,  the  vertical 
dynamic  aperture  reduces  by  about  20%  with  all  wigglers 
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Table  3:  Multipole  fit  to  the  measured  systematic  multipole 
field  error  in  the  wiggler  on  Beamline  1 1  ( G/cmn~ 2). 


n  12 

3 

4 

5 

6 

bnL  20.3  -6.49 
anL  19.4  17.9 

-15.5 

-35.4 

-37.2 

26.4 

5.96 

3.64 

33.2 

-65.0 

n  7  8 

9 

10 

11 

12 

bnL  2.73  -7.40 
anL  13.9  33.3 

-1.05 

-3.55 

0.457 

-5.57 

0.079 

0.227 

0.001 

0.297 

active.  With  corrected  wiggler  focusing,  linear  wiggler  ef¬ 
fects  alone  do  not  reduce  the  aperture. 

The  study  of  wiggler  multipole  errors  was  based  on  mea¬ 
sured  systematic  field  errors  in  the  wiggler  on  Beamline  1 1 . 
A  numerical  multipole  fit  to  the  measured  data  was  per¬ 
formed  and  the  results  for  the  integral  of  normal  and  skew 
systematic  multipole  field  are  shown  in  Table  3,  where  ‘n’ 
is  the  multipole  order  starting  with  dipole,  L  =  NX,  and 
an,  bn  are  the  skew  and  normal  field  coefficients  defined  as 

By  +  iBx  =  ^2(bn  +  ian)(x  +  iy)n~l  ■  (6) 

n 

The  effect  of  7  wigglers  on  dynamic  aperture  is  shown 
in  Fig.  2,  with  the  aperture  calculated  at  the  ID  locations 
(fix/Py  =10.1/4.8  m)  for  machine  simulations  with  all  er¬ 
rors  in  the  ring  magnets.  Without  multipole  errors  in  the 
wigglers  but  with  corrected  wiggler  focusing,  the  aperture 
is  not  affected.  With  the  systematic  multipole  errors  in¬ 
cluded  in  the  7  wigglers,  the  dynamic  aperture  reduction  is 
about  10%  (2  mm). 

The  wiggler-intrinsic  high  order  terms  (Eqn.  3)  were  not 
included  in  the  previous  simulation,  but  can  further  reduce 
the  dynamic  aperture.  This  field  does  not  have  the  usual 
form  of  ( x-y )  multipole  expansion  normally  used  in  lattice 
codes.  To  accurately  study  the  effect  of  the  octupole-like 
and  higher  order  terms  in  Eqn.  3,  one  needs  a  symplectic 
model  of  this  field.  We  used  an  approximation  to  evaluate 
the  main  effect  of  these  terms.  Since  the  non-linear  B % 
field  generates  kicks  only  in  y-plane,  the  effect  on  dynamic 
aperture  is  expected  to  be  mostly  in  the  vertical  plane,  as  it 
was  observed  in  simulations  for  other  machines  [6], 

One  can  notice  that  the  Bx  field  can  be  reproduced  at 
x=0  by  the  normal  field  of  Eqn.  6  (a„=0).  Using  this  ap¬ 
proach,  we  used  normal  systematic  multipoles  in  the  form 
of  By  +  iBx  =  Y^bn{x  +  iy)n~l  to  produce  the  non-linear 
terms  of  the  wiggler  field  Bx  on  the  vertical  axis  (Eqn.  3), 
and  performed  tracking  to  evaluate  vertical  aperture  near 
x=0.  Simulation  of  the  octupole-like  and  dodecapole-like 
(oc  y5)  fields  with  7  wigglers  showed  only  modest  reduc¬ 
tion  of  vertical  dynamic  aperture,  from  1 1  mm  to  8-9  mm. 
This  aperture  still  remains  well  outside  the  6  mm  wiggler 
physical  aperture. 

6  SUMMARY 

Tracking  simulations  with  7  wigglers  in  SPEAR  3  predict 
small  impact  on  dynamic  aperture  when  linear  optics  ef- 


Initial  X-amplitude  (cm) 


Figure  2:  Dynamic  aperture  for  <5=0  (solid)  and  3%  (dash) 
off-momentum  oscillations  and  6  seeds  of  random  machine 
errors:  (a)  no  wigglers,  (b)  7  wigglers  with  corrected  focus¬ 
ing  but  w/o  errors,  (c)  7  wigglers  with  corrected  focusing 
and  with  systematic  multipole  errors. 

fects  are  locally  compensated  with  individually  controlled 
quadrupole  magnets.  The  18  mm  horizontal  dynamic  aper¬ 
ture  is  sufficient  for  10  mm  injection  oscillations  and  long 
Touschek  lifetime,  and  the  vertical  aperture  remains  well 
outside  the  6  mm  wiggler  physical  aperture.  With  all  wig¬ 
glers  active,  the  increase  in  energy  spread  is  negligible 
(<2%),  and  the  beam  horizontal  emittance  decreases  to 
about  15.3  nm-rad  at  3  GeV. 
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Abstract 

SSRL  is  investigating  an  upgrade  to  run  SPEAR  with  a 
small  emittance  (18  nm)  and  with  a  200  —  500  mA  cur¬ 
rent,  significantly  greater  than  the  present  100  mA  value 
of  SPEAR  2.  Using  experimental  measurements,  numer¬ 
ical  calculations  of  impedance,  and  results  from  tracking 
code  simulations,  an  impedance  model  for  SPEAR  3  is  cal¬ 
culated.  Beam  quality  and  instability  thresholds  for  these 
results  are  predicted.  Based  on  these  calculations,  choices 
made  for  RF  cavities,  vacuum  chamber  material  and  cross- 
section,  and  BPM  design  are  also  discussed.  The  estimated 
beam  lifetime  for  500  mA  is  22  hours. 

1  INTRODUCTION 

SSRL  is  investigating  an  upgrade  project  for  its  SPEAR 
electron  storage  ring  that  will  increase  current  from  the 
present  100  mA,  initially  to  200  mA,  and  ultimately  to 
500  mA  [1].  The  emittance  of  the  machine,  dedicated 
to  synchrotron  radiation  production,  will  be  reduced  from 
160  nm  to  18  nm.  This  proposal  calls  for  the  reuse  of 
existing  beamlines,  and  facilities,  but  SPEAR  3  will  have 
new  lattice,  magnets,  vacuum  chambers,  power  supplies, 
and  RF  system. 

This  paper  presents  the  design  considerations  concerning 
impedance,  instability  thresholds,  and  lifetime.  Specifica¬ 
tions  for  the  vacuum  chamber  material,  cross-section,  vac¬ 
uum  chamber  profile,  RF  cavities,  and  feedback  systems 
were  based,  in  part,  on  this  study. 

2  IMPEDANCE  BUDGET 

2.1  RF  Cavities 

SPEAR  3  will  need  ~1.2  MW  of  RF  power  for  500  mA 
operation.  The  power  capability  of  the  existing  RF  system 
is  limited  by  the  500  kW  rating  of  the  two  cavities.  The 
original  scope  of  the  project  called  for  the  reuse  of  these 
cavities  in  the  initial  stage  of  SPEAR  3,  then  upgrading  the 
RF  system  for  500  mA.  A  study  of  the  existing  RF  cavities 
was  performed,  showing  that  they  could  be  tuned  to  operate 
stably  at  currents  exceeding  200  mA  with  the  SPEAR  3 
parameters  [2].  Cost  considerations  showed  that  it  was 
more  efficient  to  go  immediately  to  the  final  RF  system. 
Based  on  the  excellent  performance  of  the  RF  cavities  at 
PEP  II  [3],  SPEAR  3  has  decided  to  opt  for  cavities  of  this 
style  [4]. 

2.2  Coupled  bunch  instability  thresholds 

With  the  PEP  II  cavities,  even  the  strongest  HOM 
impedances  will  be  far  too  small  to  cause  longitudinal  in- 


SPEAR  2 

SPEAR  3 

SPEAR  3 

p 

12.8 

8.4 

8.4 

U0  (keV) 

560.0 

855.6 

855.6 

h 

280 

280 

372 

Vrf 

1.68 

3.2 

a 

1.2  •  10~3 

6 

SSBBSI 

9.7  •  10~4 

fs  (kHz) 

23 

9.6 

11 

CTr  (ps) 

75 

18.8 

16.3 

ra(ms) 

8.36 

4.24 

4.24 

Ty(ms) 

8.36 

5.14 

5.14 

r2(ms) 

4.18 

2.87 

2.87 

Rwim 

200 

200 

2.2 

i?x(kfim  1) 

2  •  10a 

161 

Jt/l.n(mA) 

10 

72 

3600 

12 

47 

589 

137 

100 

Table  1:  SPEAR  parameters  (SPEAR  2,  SPEAR  3  with 
existing  RF  system,  SPEAR  3  with  new  RF  system) 


stabilities  at  500  mA.  One  transverse  mode  might  be  dan¬ 
gerous,  but  moderate  chromaticity  will  provide  sufficient 
head-tail  damping  to  oppose  growth  of  this  mode. 

The  operational  experience  at  PEP  II  has  shown  all 
I?ll  <  2.2  kfi  and  R±  <  161  kfi-m-1.  The  threshold 
currents  presented  in  Table  1  were  computed  for  the  case 
of  maximum  impedance.  As  SPEAR  2  is  presently  sta¬ 
ble  at  100  mA  in  both  planes,  threshold  currents  presented 
are  very  conservative  for  those  narrowband  impedances. 
The  broader  width  of  HOM  resonances  for  HOM  damped 
RF  cavities  makes  the  calculated  thresholds  more  probable 
for  the  PEP  II  style  cavities.  However,  even  if  four  such 
cavities  were  tuned  on  their  strongest  2.2  kfl  longitudinal 
impedance,  SPEAR  3  should  be  stable  up  to  900mA.  The 
transverse  coupled  bunch  instability  thresholds  were  com¬ 
puted  with  fix/Py  =  10.1  m/4.8  m.  No  fast  feedback  sys¬ 
tems  should  be  necessary  for  stabilizing  any  coupled  bunch 
instability. 

2.3  Vacuum  Chamber 

Chamber  dimensions  The  arc  vacuum  chambers  will 
be  replaced  for  SPEAR  3  [5].  These  chambers  will  have 
an  84  x  34  mm2  elliptical  cross-section.  An  antechamber 
is  joined  to  this  chamber  via  a  coupling  slot  12  mm  high. 
The  dimensions  of  the  antechamber  are  set  by  the  size  of 
the  radiation  fans  and  exit  ports  which  vary  greatly  around 
the  ring.  A  high  coupling  slot  allows  high  pumping  con¬ 
ductance,  a  decrease  of  power  density  deposited  by  the  ra- 
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diation  fan,  and  a  large  safe  steering  envelope.  The  actual 
slot  height  is  a  compromise  between  this  large  size  and  the 
small  size  needed  to  decouple  the  fields  in  the  antecham¬ 
ber  from  the  main  beampipe.  The  cutoff  frequencies  of 
the  dominant  TM  and  TE  modes  have  been  calculated  to 
be  4.7  GHz  and  2.1  GHz,  respectively  [6],  A  slot  width 
needs  to  be  many  evanescent  lengths  of  the  dominant  mode 
in  order  to  insure  this  decoupling.  For  the  12  mm  high  slot 
of  the  chamber,  the  evanescent  length  of  the  TM  mode  is 
3  mm.  The  minimum  slot  width  of  this  chamber  is  5  cm. 

The  image  current  on  the  elliptical  chamber  is  not  az- 
imuthally  symmetric;  it  is  concentrated  near  the  vertical 
axis  (figure  1).  From  this  distribution,  the  azimuthal  posi- 


Figure  1:  Image  current  density  along  the  chamber  wall. 

tions  of  the  beam  position  monitors  were  chosen  to  equal¬ 
ize  the  sensitivity  to  vertical  and  horizontal  beam  motion; 
the  15  mm  diameter  buttons  will  be  placed  12  mm  from  the 
vertical  axis.  The  effective  radius  of  the  chamber,  used  for 
resistive  wall  calculations,  was  computed  to  be  22  mm  [7]. 

Chamber  material  The  two  materials  under  consider¬ 
ation  for  the  chamber  are  copper  and  stainless  steel.  The 
main  issues  are  the  heat  conduction  and  fabrication  costs. 
The  higher  conductivity  of  the  copper  makes  it  a  better 
choice  for  impedance  minimization. 

2.4  Broadband  Impedance 

The  broadband  impedance  of  small  discontinuities  around 
the  ring  was  calculated  using  ABCI  [8].  The  results,  shown 
in  table  2,  are  consistent  with  those  found  for  other  rings. 
The  total  inductance  in  this  table  is  60  nH,  corresponding 
to  .5f2.  Using  a  conservative  value  of  lfl,  a  broadband 
impedance  model  was  constructed  with  the  characteristic 
parameters:  Rs  —  12  kfi,  Q  =  1,  /r  =  15  GHz.  The 
somewhat  arbitrary  choice  of  fa  was  based  on  the  fact  that 
ABCI  showed  no  strong  peaks  below  10  GHz,  the  cutoff 
frequency  of  the  bunch.  Using  this  impedance  model, 
the  tracking  code  gave  a  single  bunch  current  threshold  of 
5  mA  beyond  which  the  energy  spread  starts  widening.  At 
25  mA,  the  energy  width  of  the  bunch  was  1.7  and  its  length 
was  2.2  times  greater  than  the  zero  current  values. 


Element 

kL  (V/pC) 

No. 

Lrot  (nH) 

bellows  shield 

0.0107 

80 

5.8 

esbisi 

197 

3.5 

BPM 

0.0027 

90 

3.3 

transitions 

0.02 

10 

10 

trans.  kicker 

0.66 

2 

11 

trans.  pickup 

2 

26 

Table  2:  Broadband  impedance 


£ norm 

Ith,Cu  mA 

Ith,ss  mA. 

0 

190 

103 

0.1 

506 

274 

0.2 

822 

446 

Table  3:  Resistive  wall  instability  thresholds 


2.5  Resistive  Wall  Impedance 

The  resistive  wall  impedance  is  strongest  at  low  frequen¬ 
cies.  The  fractional  parts  of  vx,  vy  were  set  below  the  half¬ 
integer  to  maximize  the  system  stability.  Due  to  the  shape 
of  the  chamber,  this  impedance  is  strongest  in  the  verti¬ 
cal  dimension.  Since  the  small-gap  insertion  devices  have 
small  vertical  heights,  they  contribute  half  of  the  total  resis¬ 
tive  wall  impedance  if  the  vacuum  chamber  is  made  from 
stainless  steel.  Using  copper  for  the  chamber  reduces  the 
total  resistive  wall  impedance  by  a  factor  of  two.  The  radi¬ 
ation  damping  force  is  not  strong  enough  to  compensate  for 
the  growth  due  to  the  strongest  resistive  wall  growth  term. 
Head-tail  damping,  calculated  with  the  broadband  model 
given  above,  adds  to  the  total  damping.  Table  3  displays 
the  resistive  wall  instability  current  thresholds  for  the  two 
different  chamber  designs  (copper  with  stainless  steel  in¬ 
sertion  chambers  and  all  stainless  steel),  at  reasonable  val¬ 
ues  of  the  normalized  chromaticity.  The  (0)  values  used  in 
these  calculations  are  8.5  m  in  the  arc  chambers  and  4.5  m 
in  the  insertion  devices. 


2. 6  Power  Dissipation 

The  power  dissipation  due  to  resistive  wall  heating  along 
the  chamber  scales  as  Ij,ot/Ns  where  Nb  is  the  number 
of  bunches.  An  advantage  of  the  new  RF  system  is  that  at 
the  higher  harmonic  number,  Nb  increases,  so  the  power 
dissipation  decreases.  The  chamber  materials  make  a  sig¬ 
nificant  difference.  The  heating  in  the  stainless  steel  cham¬ 
ber  at  500  mA  in  279  bunches  is  7.5  W/m.  For  copper,  this 
drops  to  1.2  W/m.  These  values  are  both  small  compared 
to  the  heating  in  the  insertion  devices.  The  smallest  gap 
undulator  (half  height  6  mm)  heats  up  at  a  rate  of  209  W/m. 
Higher  order  mode  losses  around  the  ring  are  negligible  due 
to  the  low  impedance  design  of  the  vacuum  chambers. 
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Pressure  in  CO  (nTorr) 

Figure  2:  Total  gas  scattering  lifetime  as  a  function  of  vac¬ 
uum  chamber  pressure  in  CO. 


3  LIFETIME 

3. 1  Gas  Scattering  Lifetime 

Electrons  can  be  lost  due  to  elastic  (Coulomb)  or  inelas¬ 
tic  (bremsstrahlung)  collisions  with  the  background  gas 
molecules.  The  loss  rate  depends  on  the  local  and  aver¬ 
age  0  functions,  the  local  gas  pressure,  and  the  ring  accep¬ 
tance.  For  SPEAR  3,  the  Coulomb  and  bremsstrahlung 
lifetimes  are  estimated  to  be  275  and  120  hours,  respec¬ 
tively,  at  200  mA.  Taken  in  parallel,  the  total  gas  scattering 
lifetime  is  83  hours  at  200  mA,  assuming  a  partial  pressure 
in  CO  of  0.6  nTorr  and  an  energy  acceptance  of  3%.  This 
scales  to  1.5  nTorr  at  500  mA  and  a  gas  scattering  lifetime 
of  30  hours. 

3.2  Touschek  Lifetime 

At  3  GeV,  SPEAR  3  is  moderately  sensitive  to  Touschek 
scattering.  The  energy  acceptance,  which  sets  the  Tou¬ 
schek  lifetime,  is  the  minimum  between  the  RF  bucket  size 
and  the  momentum  dependent  dynamic  aperture.  For  a 
gap  voltage  of  3.2  MV,  the  bucket  size  is  3.1%.  The  lat¬ 
tice  has  been  opimized  to  provide  a  momentum  dependent 
dynamic  aperture  of  3%  (particles  3%  off-energy  with  am¬ 
plitudes  up  to  20  mm  in  the  3  m  straight  sections  will  be 
kept  in  the  ring).  The  energy  acceptance  will  be  RF  bucket 
limited  at  3.2  MV.  For  200  mA  beam  current  distributed  in 
279  bunches,  and  emittance  coupling  of  1%,  the  Touschek 
lifetime  was  computed  to  be  217  hours.  For  500  mA  the 
equivalent  number  is  87  hours. 

3.3  Total  electron  beam  lifetime 

Lifetime  calculations  predict  that  the  total  lifetime  is  60 
hours  at  200  mA.  At  500  mA,  the  lifetime  is  22  hours. 
After  24  hours,  the  initial  500  mA  will  decay  to  200  mA. 


Vrf(MV) 

Figure  3:  Touschek  lifetime  as  a  function  of  \  rf  for  dif¬ 
ferent  values  of  the  mometum  dependent  dynamic  aperture; 
(”22mm”  =  22mm  on  energy  and  19mm  at  3%)  500  mA  in 
279  bunches,  1%  vertical  coupling; 


4  CONCLUSION 

The  upgrade  of  the  SPEAR  storage  ring  to  run  with  an 
18  nm  emittance  and  500  mA  current  is  presently  under 
investigation.  With  a  new  RF  system  and  new  vacuum 
chamber,  SPEAR  3  will  be  stable  in  both  planes  without 
the  need  for  any  fast  feedback  systems.  A  22  hour  lifetime 
is  expected  at  500mA. 
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Abstract 

The  SSRL  is  investigating  an  accelerator  upgrade  project 
to  replace  the  present  130  nmrad  FODO  lattice  with  an  18 
nmrad  double  bend  achromat  lattice:  SPEAR  3.  In  this  pa¬ 
per,  we  review  the  methods  used  to  maximize  the  SPEAR  3 
dynamic  aperture  including  optimization  of  linear  optics, 
betatron  tune,  chromaticity  and  coupling  correction,  and 
effects  of  machine  errors  and  insertion  devices. 

1  INTRODUCTION 

SPEAR  3  is  a  machine  upgrade  project  under  study  at 
SSRL  [1],  It  aims  at  replacing  the  current  130  nm  rad 
FODO  lattice  with  an  18  nm  rad  double  bend  achromat 
(DBA)  lattice.  To  reduce  the  cost  of  the  project  and  to 
use  the  existing  synchrotron  light  beam  lines,  the  new  de¬ 
sign  [2]  closely  follows  the  racetrack  configuration  of  the 
SPEAR  tunnel,  with  the  magnet  positions  fit  to  the  18  mag¬ 
net  girders.  The  3  GeV  lattice  has  two  fold  symmetry  and 
periodicity  with  two  identical  arcs  and  two  long  straight 
sections. 

The  lattice  functions  for  one  quarter  of  the  ring  are 
shown  in  Fig.  1.  Similar  to  other  light  source  rings,  it  has 
been  found  advantageous  to  use  combined  function  bends 
to  relax  the  optics  and  reduce  sextupole  strength. 

Though  the  DBA  design  has  an  advantage  of  a  high 
brightness  beam,  the  strong  focusing  increases  beam  sensi¬ 
tivity  to  machine  errors  and  generates  larger  chromaticity. 
The  stronger  sextupoles  increase  the  amplitude  dependent 
and  non-linear  chromatic  aberrations  and  reduce  the  dy¬ 
namic  aperture.  It  is  especially  important  to  maximize  the 
horizontal  size  of  dynamic  aperture  to  minimize  the  Tou- 
schek  effect  and  allow  large  injection  oscillations. 

In  the  following  sections  we  review  the  lattice  optimiza¬ 
tion  and  tracking  studies.  The  tracking  simulation  was 
done  using  LEGO  [3].  The  dynamic  aperture  was  cal¬ 
culated  at  the  symmetry  point  between  arc  cells  where 
Px/Py  =  10.1/4.8  m. 

2  ERROR  FREE  LATTICE 

The  DBA  cell  was  made  to  fit  the  existing  11.7  m  cell 
length  with  the  magnet  positions  constrained  by  the  exist¬ 
ing  photon  beam  lines  and  ~3  m  space  for  the  insertion 
devices  (ID).  This  results  in  a  compact  DBA  design  with 
stronger  focusing  and  increased  sensitivity  to  machine  er¬ 
rors.  Vertical  focusing  added  to  the  bends  increased  the 
separation  of  x  and  y  focusing  and  reduced  strength  of  the 
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Figure  1 :  Optics  of  one  quadrant  of  SPEAR  3. 


quadrupoles  and  sextupoles.  Further  reduction  of  the  sex¬ 
tupole  strengths  was  achieved  by  moving  the  bends  as  far 
apart  as  possible. 

The  phase  advance  per  arc  cell  was  chosen  to  be  near 
fix=0J5x2Tr  and  fj,y=0.25x2-iv.  This  provides  conditions 
for  local  cancellation  of:  1)  geometric  aberrations  from  arc 
sextupoles  located  —  I  apart,  and  2)  first  order  chromatic 
beta  waves  from  sextupoles  and  quadrupoles  located  7t/2 
apart,  as  well  as  systematic  quadrupole  errors.  With  this 
choice,  the  total  tune  would  be  near  i/x=14.5  and  i/y= 5.5. 
To  move  the  working  tune  away  from  the  1/2  resonance  and 
to  minimize  resistive  wall  impedance  effects,  the  tune  was 
moved  into  the  lower  quarter  on  the  tune  plane  ( v<  1/2). 

The  matching  cell  optics  was  optimized  by  performing  a 
horizontal  dynamic  aperture  scan  across  the  matching  cell 
phase  advance.  The  dynamic  aperture  including  5=-^  up 
to  ±3%  was  maximized  at  fix,m  =  0.78x27r  and  ny,m  = 
0.42  x  27r  per  matching  cell. 

To  minimize  the  effect  of  low  order  betatron  resonances 
the  working  tune  was  chosen  slightly  below  1/4,  away  from 
the  3rd  and  4th  order  resonance  lines.  The  final  choice 
( vx  =  14.19,  vy  =  5.23)  was  based  on  favorable  horizon¬ 
tal  injection  conditions  and  the  results  of  dynamic  aperture 
tune  scan.  With  the  chosen  tune,  the  phase  advance  per  arc 
cell  is  fix  =  0.7907x27r  and  ny  =  0.2536  x  27r. 

As  mentioned  previously,  the  chosen  phase  advance  in 
the  arc  cells  provides  conditions  for  local  compensation  of 
chromatic  and  geometric  aberrations.  This  scheme  would 
work  optimally  for  the  number  of  arc  cells  of  4  x  integer. 
With  only  7  cells  per  arc,  constrained  by  the  SPEAR  ge¬ 
ometry,  the  correction  is  not  complete. 

The  study  showed  that  chromaticity  correction  with  only 
2  sextupole  families  did  not  provide  adequate  dynamic 
aperture  for  particles  up  to  <5=±3%.  Since  the  2  families 
only  compensate  linear  chromaticity,  the  off-momentum 
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Table  1 :  Systematic  rms  multipole  field  errors.  Table  2:  Random  rms  multipole  field  errors. 


Magnet 

r(mm) 

n 

ABn/.B 

Dipole 

30 

2 

1  x  10-4 

3-14 

5  x  10~4 

Quadrupole 

32 

6,10,14 

5  x  lO"4 

Sextupole 

32 

4 

-8.8  x  10~4 

5 

-6.6  x  lO"4 

9 

-1.6  x  10-3 

15 

-4.5  x  10-4 

aperture  is  limited  by  the  non-linear  chromatic  effects.  A 
significant  amount  of  non-linear  chromaticity  is  generated 
in  the  matching  cells  which  break  periodicity  of  the  14 
arc  cells  and  contribute  ~20%  to  the  total  chromaticity. 
Two  additional  sextupole  families  (SFI,  SDI)  placed  in  the 
matching  cells  reduced  the  non-linear  terms  by  a  factor  of 
3  and  significantly  improved  the  off-momentum  aperture. 

The  matching  cell  sextupoles  also  generate  geometric 
aberrations  and  therefore  have  to  be  kept  relatively  weak 
in  order  to  preserve  the  on-momentum  aperture.  The  op¬ 
timum  strengths  of  the  SFI,  SDI  were  evaluated  through  a 
horizontal  aperture  scan  versus  SFI,  SDI  strengths. 

To  increase  optical  separation  between  the  SF  and  SD 
sextupoles  two  other  options  were  studied.  In  one  option, 
the  SD  was  combined  with  part  of  the  adjacent  bend.  This 
increased  fiy  but  reduced  dispersion  at  the  SD  which  led  to 
smaller  dynamic  aperture.  In  the  second  study,  the  SF  was 
combined  with  the  center  quadrupole  QFC.  This  increased 
dispersion  and  (3X  at  the  SF  and  reduced  its  strength,  but 
dynamic  aperture  did  not  improve. 

3  MACHINE  ERRORS 

In  tracking  simulations,  we  included  random  main  field  er¬ 
rors,  random  and  systematic  multipole  errors,  and  random 
alignment  errors.  In  addition,  a  skew  octupole  component 
was  added  to  skew  quadrupoles  combined  with  sextupoles, 
and  a  feed-down  multipole  field  was  included  due  to  a  large 
trajectory  in  the  bends  [4]. 

The  alignment  rms  errors  for  bends,  quads  and  sex¬ 
tupoles  used  in  the  study  were:  Ax, Ay  =  200  fm i,  roll 
=  500  jirad.  The  rms  main  field  errors  due  to  differences 
in  magnetic  core  length  were  assumed  to  be  (l-2)-10~3. 

The  multipole  field  errors  were  defined  in  terms  of  ratio 
of  the  multipole  field  ABn  (normal  or  skew)  to  the  main 
magnet  field  B  at  radius  r,  where  n  =  1, 2, ...  is  the  multi¬ 
pole  order  starting  with  a  bend.  The  normal  systematic  and 
random  rms  values  ABn/B  used  in  the  study  are  listed  in 
Tables  1,2.  Conservatively  large  values  were  specified  for 
n  =  3,6, 10, 14  multipoles  on  the  quads. 

The  skew  quadrupoles  physically  combined  with  chro¬ 
matic  sextupoles  provided  an  efficient  coupling  correction. 
In  total,  we  used  24  skew  quads  arranged  in  4  families.  The 
induced  vertical  dispersion  was  small  and  far  outweighed 
by  the  improved  aperture.  As  a  future  option,  the  vertical 
dispersion  can  be  corrected  as  well  by  using  more  indepen¬ 
dent  skew  quads.  The  combined  skew  quad  and  sextupole 


Magnet 

r{mm) 

n 

A  B„/B 

Dipole 

30 

2 

1  x  10"4 

Quadrupole 

32 

3,6,10,14 

5  x  10~4 

4,5,7-9,11-13 

1  x  10~4 

Sextupole 

32 

5 

1.5  x  10~3 

7 

4.8  x  10"4 

gives  rise  to  a  skew  octupole  field  that  was  systematically 
added  in  the  simulations. 

4  DYNAMIC  APERTURE  WITH  ERRORS 

For  tracking  simulations,  LEGO  first  generates  a  set  of 
magnet  errors,  then  applies  tune,  orbit,  chromaticity  and 
coupling  corrections,  and  finally  tracks  the  particles.  For 
tune  correction,  two  families  of  doublet  quads  in  the  cells 
were  used.  Linear  chromaticity  typically  was  adjusted  to 
zero  with  the  SF,  SD  sextupoles.  An  RF  voltage  of  3.2  MV 
was  used  to  generate  synchrotron  oscillations. 

The  resultant  dynamic  aperture  without  ID’s  for  6  ran¬ 
dom  seeds  of  machine  errors  is  shown  in  Fig.  2.  The  hori¬ 
zontal  dynamic  aperture  is  18-20  mm  for  8=±3%  momen¬ 
tum  range.  This  provides  sufficient  aperture  for  a  long  Tou- 
schek  lifetime  and  injection  oscillations. 

In  real  machines,  the  linear  chromaticity  £=A v/8  is  typ¬ 
ically  set  slightly  positive.  Since  non-zero  chromaticity 
increases  the  momentum  dependent  tune  spread,  the  off- 
momentum  particles  would  cross  more  betatron  resonances 
during  synchrotron  oscillations.  Resonance  effects  can  re¬ 
duce  the  5^0  aperture  if  £  is  large.  The  5=0  aperture  is 
affected  only  by  the  increased  sextupole  strength. 

Fig.  3  shows  dependence  of  horizontal  dynamic  aperture 
on  £  for  various  8  (the  vertical  dependence  is  similar).  In 
this  study,  the  chromaticity  was  set  equal  in  both  planes. 
Clearly,  for  the  SPEAR  3  tune  the  particles  lose  stability 
near  1/2  resonance,  when  Av«-0.2.  Though  the  dynamic 
aperture  for  the  core  beam  (small  8)  is  not  much  affected, 
the  Touschek  lifetime  can  be  reduced  for  £>5. 

In  the  study,  typical  /3  distortions  after  correction  were 
A/?//?<±10%.  In  a  real  machine  larger  modulations  can 


Initial  X— amplitude  (cm) 

Figure  2:  Dynamic  aperture  for  6  seeds  of  machine  errors 
for  8  =  0  (solid)  and  3%  (dash). 
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Figure  3:  Horizontal  dynamic  aperture  versus  linear  chro- 
maticity  for  S  =  0  (solid),  1%  (dash)  and  3%  (dot-dash). 

occur.  To  verify  the  effect  of  large  /3  modulation  the  quad 
field  errors  in  two  matching  quad  families  were  increased 
to  generate  A  f3x  /  (3xk±30%  and  Af3y//3y&±20%.  The 
observed  aperture  reduction  was  about  15%.  Though  this 
aperture  is  still  adequate  to  operate  the  machine,  such  large 
errors  have  to  be  resolved  in  practice. 

The  effect  of  large  orbit  distortions  was  studied  by  in¬ 
cluding  an  additional  set  of  uncorrected  rms  alignment  er¬ 
rors.  For  rms  orbit  distortions  of  Ax-3  mm,  Aj/=1.5  mm 
a  maximum  of  2  mm  reduction  of  dynamic  aperture  was 
observed  for  the  particles  within  S<±3%. 

Similarly,  large  sextupole  misalignments  were  studied 
while  the  orbit  was  well  corrected.  In  simulation,  1  mm  rms 
sextupole  misalignments  were  included  which  are  equiv¬ 
alent  to  about  10  times  the  focusing  errors  from  ring 
quadrupoles.  Of  the  6  seeds  studied,  5  cases  showed  >17 
mm  horizontal  dynamic  aperture  for  <5=0  particles.  The  ver¬ 
tical  aperture  was  larger  than  the  ±6  mm  ID  chamber  size. 
At  8=3%,  the  horizontal  aperture  remained  >13  mm. 

The  actual  physical  aperture  can  be  a  limiting  factor  for 
a  beam  lifetime.  In  the  vertical  plane,  SPEAR  has  two 
ID’s  with  y=± 6  mm  vacuum  chamber.  In  case  of  strong 
coupling,  the  large  off-momentum  horizontal  motion  can 
be  transferred  into  vertical  amplitude  which  could  increase 
beam  loss  at  the  vertical  physical  aperture.  To  study  this 
effect,  we  monitored  the  maximum  vertical  excursion  at  an 
ID  location  as  a  function  of  initial  horizontal  amplitude. 
Fig.  4  shows  the  peak  y-orbit  averaged  over  6  random  sets 
of  machine  errors  with  8= 0-3%  energy  oscillations.  At  10 
mm  injection  oscillations,  the  induced  vertical  amplitude  is 
below  2  mm  and  should  not  limit  the  beam  lifetime. 

In  addition  to  chromatic  effects,  sextupoles  generate  ge¬ 
ometric  aberrations  such  as  amplitude  dependent  tune  shift 
and  high  order  resonances.  Clearly,  the  dynamic  aperture 
would  reach  its  maximum  if  the  geometric  aberrations  were 
zero.  One  way  to  verify  this  limit  is  to  track  particles  with 
fixed  5=0  and  without  sextupoles.  The  simulation  showed 
that  on-momentum  aperture  could  be  40%  larger  without 
sextupole  aberrations. 


Figure  4:  Peak  vertical  excursion  vs  initial  horizontal  am¬ 
plitude  for  8  =  0, 1, 2, 3%. 

The  geometric  effects  can  be  reduced  by  using  ’har¬ 
monic’  sextupoles  placed  in  non-dispersive  regions.  Based 
on  analysis  in  [5]  we  tested  a  scheme  of  two  harmonic 
sextupole  families  placed  in  the  arc  cells.  The  sextupole 
strengths  were  scanned  to  maximize  dynamic  aperture.  The 
harmonic  correction  reduced  the  amplitude  dependent  tune 
shift  by  about  40%  and  the  error  free  dynamic  aperture  im¬ 
proved  by  10-15%.  With  machine  errors,  however,  the  im¬ 
provement  reduces  to  a  minimum.  Currently,  the  harmonic 
correction  is  not  included  in  the  design. 

The  fields  in  insertion  devices  further  reduce  the  dy¬ 
namic  aperture.  The  detailed  report  of  wiggler  effects  in 
SPEAR  3  is  presented  in  [6],  In  summary,  the  first  or¬ 
der  wiggler  focusing  will  be  locally  compensated  using 
cell  quadrupoles  on  either  side  of  a  wiggler.  Simulations 
showed  that  with  corrected  wigglers,  included  systematic 
multipole  errors  and  intrinsic  wiggler  fields  up  to  dode- 
capole,  the  dynamic  aperture  reduces  to  about  18  mm  and 
8-9  mm  in  x  and  y  planes,  respectively. 

5  CONCLUSIONS 

Tracking  studies  combined  with  optimization  of  SPEAR  3 
lattice  show  sufficient  dynamic  aperture  for  10  mm  injec¬ 
tion  oscillations  and  >100  hrs  of  Touschek  lifetime.  The 
dynamic  aperture  results  have  also  been  confirmed  by  M. 
Borland  with  the  tracking  code  ELEGANT. 
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Abstract 

The  Stanford  Synchrotron  Radiation  Laboratory 
started  its  operation  as  a  parasitic  light  source  in  1973, 
becoming  a  fully  dedicated  user  facility  in  1992.  A 
project  was  approved  in  1998  to  upgrade  the  storage  ring 
to  a  third  generation  source.  In  order  to  sustain  higher 
current  in  a  tightly  reconfigured  magnetic  lattice,  it 
became  necessary  to  upgrade  the  RF  system  from  the 
present  5-cell  cavity  to  four  units  of  single-cell  cavities 
to  be  powered  by  one  high-power  or  two  low-power 
klystrons.  We  present  an  overview  of  the  upgrade  project 
to  be  completed  by  the  year  2002. 

1  INTRODUCTION 

The  SPEAR  (Stanford  Positron  Electron  Asymmetric 
Ring)  was  originally  built  for  high  energy  physics 
studies  in  early  seventies,  the  two-mile  linac  being  an 
injector.  In  1990  a  dedicated  injector  consisting  of  a  RF 
electron  gun,  three  sections  of  travelling  wave  linac,  and 
a  booster  synchrotron  was  completed. 

About  two  years  later,  SPEAR  became  fully  dedicated 
synchrotron  radiation  (SR)  facility.  For  a  stored  current 
of  100  mA  at  3.0  GeV,  one  RF  system  was  powered  up 
to  about  180  kW  of  RF  power  for  1.6  MV  of  gap  voltage 
at  the  26  MQ  (=Vg2/Prf)  rated  5-cell  cavity  and  80  kW  of 
beam  power.  There  is  also  a  twin  system  in  a  standby 
mode.  The  two  systems  are  fully  independent  of,  and 
equivalent  to,  each  other. 

The  SSRL  Booster  synchrotron  [1]  accelerates  a 
bunch  of  1010  electrons  from  100  MeV  to  2.3  GeV  at  the 
rate  of  10  bunches  per  second.  The  injection  energy  is 
presently  limited  by  the  White  circuit.  When  the  stored 
beam  current  reaches  100  mA,  the  beam  energy  is 
ramped  to  3  GeV  for  user  run.  The  injection  energy 
will  be  raised  to  3.0  GeV  (at-energy).  The  RF  system 
modification  needed  for  this  change  turns  out  to  be 
minor. 

At  the  SPEAR,  the  major  upgrade  is  in  magnetic 
lattice  from  the  FODO  to  a  double  bend  achromatic 
(DBA)  configuration  in  order  to  improve  the  beam 
emittance  from  160  to  16  nm-rad.  This  entails  bending 
radius  reduction  from  12.47  to  7.858  m,  thus  increasing 

*  This  work  was  supported  by  the  U.S.  Department  of  Energy 
under  contract  number  DE-AC03-76SF00515. 


the  SR  power  by  63%[2].  This  additional  loss  must  be 
compensated  for  by  higher  RF  power.  The  contribution 
from  the  insertion  devices  remains  the  same  since  the 
beam  energy  stays  unchanged  at  3.0  GeV.  This  insertion 
device  term  increases  slowly  over  time  when  new 
wigglers  and  undulators  are  added  on.  Therefore,  the  RF 
power  capability  must  not  be  a  limiting  factor  for  some 
years  to  come  in  the  overall  light  source  operation. 

2  RF  SYSTEM  DESIGN  CRITERIA 

The  SPEAR  has  1 1  beamlines  including  the  latest  one 
undergoing  a  commissioning  process.  In  order  to 
preserve  the  configurational  integrity  of  those  beamlines, 
or  to  minimize  the  changes  in  the  source  points,  the 
storage  ring  circumference  must  be  essentially  fixed. 
This  puts  a  constraint  in  RF  frequency  choice.  One 
obvious  option  is  to  keep  the  present  frequency  of 
358.54  MHz,  but  there  is  no  existing  single-cell  cavity 
design  at  that  frequency.  Any  cavity  at  wrong  frequency 
must  be  scaled.  In  this  case,  it  is  beneficial  to  follow  the 
ones  with  the  minimal  frequency  deviation  from  the 
SPEAR  so  that  the  extent  of  modification  is  rather 
minor,  and  the  risk  of  introducing  some  unexpected 
higher-order  modes  (HOM)  is  reduced.  For  this  reason 
the  APS-type  cavities  operating  at  352  MHz  were 
extensively  studied  for  their  possible  adaptation  to  the 
upgraded  SPEAR  RF  system. 

At  the  APS  cavity [3]  HOM’s  are  picked  up  by  the  E- 
and  H-type  coaxial  probes,  go  through  a  high-pass  filter 
to  contain  the  fundamental  mode  (FM),  and  get 
dissipated  at  the  matched  loads.  Those  probe-filter-load 
assemblies  are  to  be  added  on  as  the  stored  beam  current 
is  raised  and  the  HOM  power  is  thus  increased.  This 
scheme  of  the  HOM  damping  is  yet  to  be  perfected  for 
reliable  operation  and  effective  out-coupling  of  HOM’s. 

The  second  candidate  considered  was  the  KEK  Photon 
Factory  (PF)  type  cavities  [4],  They  have  nose  cones  for 
higher  shunt  impedance,  and  larger  size  beam  pipes  for 
the  HOM’s  to  spill  out,  then  damped  by  two  silicon 
carbide  loads.  These  loads  are  circular  cylindrical  pipes 
inside  the  beam  pipe,  at  some  distance  upstream  and 
downstream  of  the  cavity  so  that  the  FM  power  level 
there  is  sufficiently  low.  This  way,  the  shunt  impedance 
of  the  FM  is  preserved.  From  the  SPEAR  point  of  view, 
however,  the  longitudinal  length  of  the  cavity  is  too  long 
to  fit  into  a  long  straight  section  of  the  ring.  Another 
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point  of  concern  was  that  the  HOM  damping  at  the  beam 
pipe  may  have  to  be  supplemented  by  the  APS-type 
dampers  as  the  stored  beam  current  reaches  the  design 
maximum. 

Finally  a  decision  is  about  to  be  made  to  use  the  PEP- 
II  single-cell  cavities[5]  without  frequency  scaling  or 
other  modification.  The  PEP-II  cavity  has  three 
waveguide  loads  for  HOM  damping.  The  PEP-II  low 
energy  ring  (LER)  stores  up  to  2.25  A  of  positrons  at  3. 1 
GeV,  while  SPEAR  3  will  have  500  mA  electron  beam 
at  3.0  GeV.  For  SPEAR  the  cavity  is  over-built  by  a 
large  margin,  but  it  provides  ample  room  for  the  future 
growth.  The  following  sections  will  describe  how  these 
cavities  will  be  installed  and  operated. 

3  RF  SYSTEM  PARAMETERS 

The  table  below  shows  the  comparison  between  the 
present  (SPEAR2)  and  upgraded  (SPEAR3)  RF  systems 
and  the  beam  parameters. 


Table  1 .  Changes  in  beam  and  RF  parameters 


Parameter 

Unit 

SPEAR2 

SPEAR3 

Beam  Energy 

GeV 

3.0 

3.0 

Beam  Current 

mA 

100 

500 

Bend  Radius 

m 

12.47 

7.858 

SR  Power 

kW 

57.5 

473 

Power  from  ID* 

kW 

15.4 

75.0 

Energy  loss/tum* 

MeV 

0.73 

1.12 

RF  frequency 

MHz 

358.54 

476.35 

Harmonic  number 

280 

372 

RF  voltage 

MV 

1.6 

3.2 

Cavity  type 

5-cell 

single-cell 

Number  of  cavities 

1 

4 

Shunt  impedance 

MQ 

26 

31 

Cavity  wall  loss 

kW 

100 

330 

Beam  power 

kW 

73 

570 

*With  insertion  devices  as  of  1999 


Presently  one  400kW-rated  klystron  powers  the  cavity 
at  less  than  half  the  rated  maximum.  In  SPEAR3  the  RF 
power  is  close  to  1  MW,  which  can  be  generated  by  two 
units  of  500  kW  klystrons  or  by  one  1.2  MW  klystron. 
For  the  low  power  klystrons  existing  power  supplies  can 
be  used,  whereas  the  high  power  tube  needs  95  kV 
power  supply  for  a  2  MW  of  DC  power. 

RF  Power  Balance 

The  PEP-II  cavities  were  designed  to  dissipate  up  to 
120  kW  of  wall  power.  At  7.8  MQ  the  maximum  gap 
voltage  per  cavity  is  0.96  MV  per  cavity.  The  operational 
limit  was  set  at  330  kW  for  3.2  MV  over  the  four  cavities 
in  order  to  prevent  multipactoring  at  the  cavity.  As 


shown  in  the  Table  1  above,  the  total  RF  power  needed  is 
about  900  kW  for  500  mA  stored  current. 

The  reflected  power  from  the  cavity  can  be  minimized 
at  the  maximum  current  by  optimizing  the  coupling 
factor.  Doing  so,  however,  will  change  the  RF 
characteristics  of  the  cavity  assembly  that  includes 
waveguide  network.  Since  the  reflected  power  will  be 
only  less  than  1%,  the  coupling  factor  of  3.6  will  be  left 
unchanged.  Taking  the  losses  at  waveguide  and  reflected 
power  into  account,  the  system  still  has  some  operational 
margin  left  for  RF  phase  and  amplitude  control  even 
with  a  1 .0  MW  power  source. 

Unlike  colliders,  all  the  light  sources  have  insertion 
devices  (ID’s)  that  grow  in  number  and  intensity  over  the 
years.  The  SPEAR  has  1 8  straight  sections  available  for 
ID  installation:  16  are  short  (4.5  m),  2  are  long  (6.5  m). 
Presently  there  are  seven  sections  occupied  by  ID’s  of  2 
meter  length  each.  Their  rms  magnetic  field  strength  is 
1 .5  T  on  average.  Let  the  klystron  output  power  be  Pk  in 
kW  and  aPk  be  delivered  to  the  cavities  of  total  shunt 
impedance  Rs  in  MQ.  For  total  RF  voltage  Ve  in  MV,  the 
cavity  wall  loss  in  kW  is  1 000Vg2/Rs.  When  the 
remaining  power  drives  a  beam  of  E  GeV  through 
insertion  devices  of  total  length  L  meters  with  magnetic 
field  of  B  Tesla,  the  maximum  current  at  SPEAR3  is 

I  (A)  =  (aPk  -  1000Vg/Rs)/  (11.26Ef  +  0.633E2B2L) 

For  the  beam  energies  of  3.0  to  3.6  GeV,  and  for  the  ID 
lengths  of  12  to  36  meters,  the  maximum  current 
possible  is  show  on  the  Fig.l  below. 


ID  Length  (m) 

Fig  1  The  maximum  current  possible  in  SPEAR  3  as  a 
function  of  total  insertion  device  length,  with  4  cavities 
driven  by  1 .0  MW  RF  power  for  higher  beam  energies. 

With  2  units  of  500  kW  klystrons,  it  is  still  possible  to 
sustain  500  mA  current,  but  the  maximum  power 
capability  will  be  reached  within  a  few  years  as  new  ID’s 
are  added  to  the  existing  ones.  After  this  point  is 
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reached,  either  the  current  is  reduced,  or  the  RF  voltage 
must  be  lowered  at  the  expense  of  the  beam  lifetime. 

System  Configuration 

The  high  power  systems  of  klystron,  circulator,  wave¬ 
guide,  magic-T’s,  and  cavities  are  configured  as  shown 
in  Fig.  2  below. 


Fig.  2.  Block  diagram  of  the  SPEAR3  RF  system 
showing  the  low-level  RF  (LLRF),  klystron  (K),  power 
supply  (PS),  circulator  (Circ.),  magic-T  (T)  with  high- 
power  matched  loads,  and  cavities  (C)  with  RF  probes. 

One  loop  across  the  klystron  is  to  compensate  for  the 
RF  phase  ripple  caused  by  the  power  supply.  The  probes 
at  each  cavity  are  for  feedback  control  of  RF  phase 
across  the  cavity  through  the  movable  tuners.  The  inter¬ 
cavity  power  balance  and  phasing  are  realized  by 
matching  the  waveguide  network.  They  are  not  in  the 
control  loop.  When  the  RF  phase  between  the  nearest 
cavities  is  2(/i±0.25)tc,  any  reflected  power  from  the  two 
cavities  are  dissipated  at  the  magic-T  load  upstream  of 
them.  If  the  relative  phase  deviates  from  this  value,  some 
portion  of  the  reflection  reaches  at  the  circulator  load. 
The  LLRF  also  contains  master  oscillator  and  control 
circuitry  for  gap  voltage,  RF  phase  angle  as  well  as  RF 
parameter  displays  and  interlocks.  The  basic  setup  of  the 
LLRF  will  be  modeled  after  the  PEP-II.  The  effect  of  a 
small  difference  in  RF  frequency  is  negligible  both  in 
LLRF  and  in  high  power  systems. 

Timing 

Since  the  Booster  frequency  will  remain  unchanged  at 
358.54  MHz,  the  SPEAR  and  Booster  must  share  a 
common  base  frequency  of  476.3361/93=5. 121894MHz 


which  is  multiplied  by  70  for  358.5325MHz  of  Booster 
frequency  through  phase-locked  loops.  This  is  to  preserve 
the  injection  efficiency. 

Cooling  System 

As  the  5-cell  cavities  are  replaced  by  single-cell  ones 
and  four  water  loads  are  added  at  the  circulator  and 
magic-T’s,  the  cooling  water  demand  is  increased 
beyond  the  existing  facility  can  supply.  Four  single-cell 
cavities  will  take  320  GPM  of  water  with  temperature 
regulation  of  better  than  ±  0.1°C  for  the  beam  stability. 
The  water  loads  are  not  precision  tuned  in  frequency  so 
that  there  is  no  need  for  temperature  regulation,  but  the 
flow  must  be  sufficient  for  high  power.  Some  additive 
such  as  ethylene  glycol  is  to  be  added  to  the  circulating 
water  for  better  absorption  of  the  RF  power.  Klystron 
cooling  requirement  remains  the  same  as  in  the  SPEAR2 
system.  A  stand-alone  cooling  tower  will  provide  chilled 
water  to  cool  the  cavity  water  and  load  water  through 
two  separate  heat  exchangers.  The  supply  temperature  is 
to  be  regulated  by  using  a  3-way  valve  where  the  return 
water  from  the  cavities  is  mixed  with  chilled  water  from 
the  heat  exchanger.  The  mixing  ratio  is  feedback 
controlled  by  a  PID  type  controller. 

4  PLAN  FOR  THE  FUTURE 

The  RF  system  installation  depends  on  available 
straight  sections,  which  are  influenced  by  existing  and 
proposed  beamline  locations  and  magnetic  lattice.  From 
the  RF  point  of  view  it  is  best  to  install  all  four  cavities 
in  one  location  side  by  side.  The  West  pit,  where  the  old 
MARK  II  detector  was,  is  the  prime  candidate.  Then 
comes  a  question  of  radiation  shielding  and  size  of  the 
tunnel,  and  space  available  next  to  the  cavity  location 
for  klystron  and  power  supply,  as  well  as  the  water 
system.  All  these  issues  will  be  addressed  before  the  end 
of  1999.  Then  detailed  engineering  design  will  be  made 
as  to  how  all  these  high  power  systems  will  be  installed 
and  integrated. 

Thus  far  there  doesn’t  appear  to  be  any  problems  of 
excessive  difficulties  associated  with  the  proposed  RF 
system.  To  insure  the  system  reliability  for  the  benefit  of 
users,  sufficient  number  of  spares  will  be  acquired  for  all 
the  subsystems.  By  employing  the  system  that  is 
basically  identical  to  the  PEP-2,  which  is  on  the  same 
site,  it  is  possible  to  share  the  spare  systems. 
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1  INTRODUCTION 

The  dynamic  properties  of  materials  are  governed  by 
atomic  motion  which  occur  on  the  fundamental  time  scale 
of  a  vibrational  period  ~  100  fs.  This  is  the  time  scale  of 
interest  for  ultrafast  chemical  reactions,  non-equilibrium 
phase  transitions,  vibrational  energy  transfer,  surface  des¬ 
orption  and  reconstruction,  and  coherent  phonon  dynamics. 
To  date,  our  understanding  of  these  processes  has  been  lim¬ 
ited  by  lack  of  appropriate  tools  for  probing  atomic  struc¬ 
ture  on  an  ultrafast  time  scale.  The  time  resolution  of 
high-brightness  3-rd  generation  synchrotron  light  sources 
is  more  than  two  orders  of  magnitude  too  slow  for  these 
studies.  However,  the  desired  x-ray  pulses  may  be  achieved 
by  selecting  radiation  which  originates  from  a  thin  MOO  fs 
temporal  slice  of  an  electron  bunch. 

2  LASER  /  E-BEAM  INTERACTION 


pulse  with  a  photon  energy  ?Uol=1.55  eV,  and  pulse  en¬ 
ergy  Al  =  100/J  will  produce  an  energy  modulation 
A E  ~10  MeV,  using  a  wiggler  with  Mw=\9,  Aw=16  cm, 
and  aw  —  13  at  electron  beam  energy  of  1.5  GeV. 

Only  electrons  which  temporally  overlap  with  the  laser 
pulse  experience  this  modulation.  The  laser-induced  en¬ 
ergy  modulation  is  several  times  larger  than  the  rms  beam 
energy  spread  in  the  typical  1.5  GeV  electron  storage  ring. 
The  accelerated  and  decelerated  electrons  are  then  spatially 
separated  from  the  rest  of  the  electron  in  the  bend  mag¬ 
nets  of  the  storage  ring  by  a  transverse  distance  that  is  sev¬ 
eral  times  larger  than  the  rms  transverse  size  of  the  electron 
beam.  Finally,  by  imaging  the  displaced  beam  slice  to  the 
experimental  area,  and  by  placing  an  aperture  radially  off¬ 
set  from  the  focus  of  the  beam  core,  we  will  be  able  to 
separate  out  the  radiation  from  the  offset  electrons.  Fig¬ 
ure  1  schematically  shows  all  three  phases  of  preparing  the 
femtosecond  x-ray  pulses. 


A  ~100  fs  temporal  slice  of  an  electron  bunch  can  be  cre¬ 
ated  through  the  interaction  of  a  femtosecond  laser  pulse 
co-propagating  with  an  electron  bunch  in  a  wiggler  mag¬ 
net  [1].  The  high  electric  field  present  in  the  femtosec¬ 
ond  laser  pulse  produces  an  energy  modulation  in  the  elec¬ 
trons  as  they  traverse  the  wiggler  (some  electrons  are  ac¬ 
celerated  and  some  are  decelerated  depending  on  the  op¬ 
tical  phase  4 >)•  The  optimal  interaction  occurs  when  the 
laser  wavelength  A/,  satisfies  the  resonance  condition  \l  — 
Aiv(l  4-  ftfv-/2)/272  where  7  is  the  Lorentz  factor,  aw 
is  the  deflection  parameter,  and  Aw  is  the  wiggler  period. 
In  addition,  the  far  field  laser  radiation  must  overlap  with 
the  far  field  spontaneous  radiation  from  the  electron  pass¬ 
ing  through  the  wiggler,  and  the  laser  spectral  bandwidth 
(number  of  optical  cycles  per  pulse,  Ml)  must  match  the 
spectrum  of  the  fundamental  wiggler  radiation  (determined 
by  the  number  of  wiggler  periods  Mw)-  Under  these  con¬ 
ditions,  the  energy  absorbed  by  the  electron  from  the  laser 
field  (or  transferred  to  the  laser  field)  is  calculated  by  con¬ 
sidering  the  energy  of  the  superposition  of  the  fields  of  laser 
radiation  and  the  spontaneous  electron  wiggler  radiation  in 
the  far  field  region  [1]: 

(1) 

where  fi  is  the  Planck’s  constant,  a  is  the  fine  structure 
constant,  Al  is  the  laser  pulse  energy,  ujl  =  2-kc/Xl, 
and  c  is  the  speed  of  light.  We  estimate  that  a  35  fs  laser 
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fs  laser  radiation 


Figure  1:  A  schematic  of  generation  of  the  femtosecond 
pulses  of  synchrotron  radiation. 

Since  the  spatially  offset  electrons  result  from  interaction 
with  the  laser  pulse,  the  duration  of  the  synchrotron  radia¬ 
tion  produced  by  these  electrons  will  be  approximately  the 
same  as  the  duration  of  the  laser  pulse,  and  will  be  abso¬ 
lutely  synchronized.  Furthermore,  the  extraction  of  an  ul¬ 
trashort  slice  of  electrons  leaves  behind  an  ultrashort  hole 
or  dark  pulse  in  the  core  of  the  electron  bunch.  This  time 
structure  will  be  reflected  in  the  generated  x-rays  by  beam 
core  electrons,  and  can  also  be  used  for  time-resolved  spec¬ 
troscopy. 

The  average  flux  of  the  femtosecond  radiation  is  defined 
by  three  factors:  771  =  rL/r6, 772  =  and  773  ~  0.2, 

where  tl  and  77,  are  the  laser  pulse  and  electron  bunch  du¬ 
rations,  fL  and  fb  are  the  laser  and  electron  bunch  repeti¬ 
tion  rates,  and  773  accounts  for  the  fraction  of  electrons  that 
are  in  the  proper  phase  of  the  laser  pulse  to  get  the  maxi¬ 
mum  energy  exchange  suitable  for  creating  the  large  trans¬ 
verse  separation.  Taking  tl= 35  fs,  /z,=10  kHz  and  using 
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typical  ALS  electron  beam  parameters  T(,= 30  ps,  /f,=500 
MHz,  we  estimate  a  femtosecond  x-ray  flux  of  3xl05  pho¬ 
tons/sec/0.1  %  BW  at  2  keV  (5xl04  photons/sec/0.1  %  BW 
at  10  keV)  from  a  bend-magnet  beamline  at  the  ALS  with 
a  3  mrad  x  0.4  mrad  collection  optic. 

Synchrotron  radiation  damping  provides  for  recovery  of 
the  electron  beam  between  interactions.  Since  the  laser  in¬ 
teracts  sequentially  with  each  bunch,  the  interaction  time  is 
given  by  n //l,  where  n  is  number  of  bunches  in  the  storage 
ring.  Furthermore,  the  bunch  slice  is  only  a  small  fraction 
of  the  total  bunch.  Thus,  the  storage  ring  damping  time  is 
more  than  sufficient  to  allow  recovery  of  the  electron  beam 
between  laser  interactions  (even  for  laser  repetition  rates  as 
high  as  100  kHz). 


Figure  2:  The  layout  of  the  experiment. 

A  proof  of  principle  experiment  for  the  technique  de¬ 
scribed  above  has  been  conducted  at  the  ALS  storage  ring 
at  LBNL.  A  schematic  of  the  experimental  set  up  is  shown 
in  Figure  3.  A  femtosecond  TLSapphire  laser  synchro¬ 
nized  to  the  storage  ring  is  located  near  beamline  6.3.2, 
and  the  laser  beam  is  projected  across  the  storage  ring 
roof  blocks  to  sector  5,  where  it  enters  the  main  vacuum 
chamber  through  a  back-tangent  optical  port.  Amplified 
femtosecond  laser  pulses  co-propagate  with  the  electron 
beam  through  wiggler  W16  in  sector  5.  A  mirror  following 
the  wiggler  reflects  the  laser  light  and  the  visible  wiggler 
emission  out  of  the  vacuum  chamber  for  diagnostic  pur¬ 
poses.  Images  of  the  near  field  and  far  field  wiggler  radi¬ 
ation  are  observed  on  a  CCD  camera,  and  the  near  and  far 
field  modes  of  the  laser  propagating  through  the  wiggler  are 
matched  using  a  remotely  adjustable  telescope  at  the  back 
tangent  port.  The  spectrum  of  the  laser  is  also  matched  to 
the  fundamental  wiggler  emission  spectrum.  The  efficiency 
of  the  laser/e-beam  interaction  is  tested  by  measuring  the 
gain  in  the  intensity  experienced  by  the  laser  beam  pass¬ 
ing  with  the  electron  beam  through  the  wiggler  [2],  This 
gain  is  a  direct  indication  of  the  magnitude  of  the  energy 
exchange  between  the  laser  and  the  electrons.  Femtosec¬ 
ond  duration  synchrotron  pulses  are  directly  measured  by 
cross-correlating  the  visible  light  from  bend-magnet  beam¬ 
line  6.3.2  with  the  synchronized  laser  pulses.  Figure  3a 
shows  a  laser  pulse  and  a  synchrotron  radiation  pulse  cross¬ 


correlation  measurement  on  a  100  ps  time  scale.  The  mea¬ 
sured  synchrotron  pulse  duration,  cr=16  ps,  corresponds  to 
the  overall  electron  bunch  duration.  Measurement  with 
~100  times  higher  time  resolution  (Figure  3b)  shows  the 
femtosecond  ’’dark”  pulse  (<r=112  fs)  which  appears  as  a 
narrow  ~  25%  deep  hole  in  the  main  pulse,  and  originates 
from  the  central  core  of  the  sliced  electron  bunch.  Both, 
the  width  and  the  height  of  the  hole  appear  to  be  close  to 
the  expected  values.  The  pulse  duration  is  mainly  defined 
by  a  spread  of  the  pathlengths  of  the  electron  trajectories 
between  the  wiggler  and  the  6.3.2  bend-magnet.  Figure 
3c  shows  a  measurement  of  the  femtosecond  pulse  (cr=161 
fs)  originating  from  the  spatial  wings  of  the  sliced  electron 
bunch.  Note  that  the  femtosecond  time  structure  is  invari¬ 
ant  over  the  entire  spectral  range  of  bend-magnet  emission 
from  the  near  infrared  to  the  x-ray  regime.  An  important 
point  is  that  in  the  far  infrared  region  (A  =  100  -  300/xm) 
the  narrow  hole  in  the  electron  bunch  radiates  coherently 
such  that  the  intensity  of  the  radiation  is  proportional  to  the 
square  of  the  number  of  missing  electrons  in  the  hole.  We 
estimate  that  this  radiation  carries  ~1  nJ  per  pulse. 


Figure  3:  The  measured  synchrotron  radiation  pulses  dura¬ 
tion.  See  text  for  explanation. 

3  RF  ORBIT  DEFLECTION 

Another  way  to  create  femtosecond  slices  of  electrons  is  to 
use  the  RF  orbit  deflection  [3].  This  technique  implies  that 
the  femtosecond  slices  of  the  electron  bunch  are  made  by 
creating  a  correlation  between  the  longitudinal  coordinates 
of  the  electrons  within  the  electron  bunch  and  their  vertical 
angles.  This  correlation  can  be  initiated  by  the  first  dipole 
mode  Eno  of  an  RF  cavity  accelerating  structure. 

While  passing  the  accelerating  structure,  electrons  are 
deflected  by  the  RF  magnetic  field  an  amount  equal  to: 

eU 

yr  (z)  =  0O  sin  ( kz ) ,  0O  =  — ,  (2) 

Eb 

where  2  is  the  electron  longitudinal  coordinate  relative  to 
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the  bunch  center,  Eb  is  the  beam  energy,  e  is  the  electron 
charge  and  eU  is  the  energy  gain  in  the  accelerating  struc¬ 
ture  calculated  at  the  coordinates  with  the  maximum  elec¬ 
tric  field.  It  is  assumed  that  the  RF  phase  is  chosen  in  a 
such  way  that  ip  =  0  when  the  bunch  center  is  at  the  center 
of  the  cavity. 


RF  " 

-Szr 


A  E  A  RF 

v.-— cz-S- 


Figure  4:  A  schematic  of  the  beam  coupling  produced  by 
the  RF  cavities  operated  at  En0  mode. 


This  deflection  couples  the  longitudinal  and  transverse 
motion  of  the  electrons.  In  order  to  confine  this  coupling 
in  a  section  of  a  storage  ring,  a  second  accelerating  struc¬ 
ture  is  placed  an  integer  number  of  betatron  wavelengths 
downstream  of  the  first  accelerating  structure. 

Figure  4  schematically  shows  two  accelerating  struc¬ 
tures,  trajectories  of  the  head  and  tail  parts  of  the  electron 
bunch  and  side  views  of  the  bunch  profile  in  several  loca¬ 
tions  as  it  propagates  from  left  to  right.  There  are  two  types 
of  locations  along  the  orbit,  which  are  convenient  source 
points  of  synchrotron  radiation  for  our  purpose.  At  the 
A  locations,  the  coordinate  displacements  of  the  electrons 
have  reached  their  maxima: 

Sy(z)  =  0 o  y/PrfP  sin  (kz) ,  (3) 

where  prf  is  the  vertical  beta  function  at  the  RF  cavity  and 
P  is  the  vertical  beta  function  in  the  A  locations.  Instead, 
at  the  B  locations,  the  variation  in  angle  of  the  electron 
trajectories  has  its  maximum  value: 


Syr  (z)  =  0O  ^ sin  (kz) ,  (4) 

where  P  is  taken  now  in  the  B  locations. 

For  zero  beam  emittance  we  can  say  that  the  radiation  of 
each  femtosecond  slice  is  separated  from  the  radiation  of 
the  neighboring  slices  if  the  difference  in  angle  or  coordi¬ 
nate  between  the  neighboring  slices  is  larger  than  the  open¬ 
ing  angle  of  the  radiation,  or/,  in  the  case  of  the  angular 
separation  or  the  diffraction-limited  size  of  the  radiation, 
oT  =  \/4norl,  in  the  case  of  coordinate  separation. 

For  a  non-zero  beam  emittance  we  need  to  account  for 
the  broadening  of  the  radiation  field  due  to  the  coordinate 
and  angular  spread  of  electrons  and  consider  (o2  +  of)1/2 
and  (o2,  +  Of,)1/2  instead  of  or  and  or/,  where  oy  and 
oy,  are  the  vertical  electron  beam  size  and  divergence  at 
the  source  position.  This  broadening  is  much  less  in  the 
vertical  direction  because  vertical  beam  emittance  in  the 
storage  ring  is  much  smaller  than  the  horizontal  emittance. 

Defining  the  length  of  the  femtosecond  slice  as  os  and 
the  bunch  length  as  oz,  we  can  write  a  magnitude  5y  (oz)  in 
the  A  locations  and  a  magnitude  Syr  (oz)  in  the  B  locations 


needed  for  a  spatial  separation  of  the  radiation  of  M  = 
oz/os  femtosecond  slices: 

Sy(oz)>  M(ol  +  o*)V*  (5) 

Sy/  ( crz )  >  M(o2,  +  o2,)1/2. 


One  also  needs  to  check  that  the  vertical  beam  tilt  is 
larger  than  the  opening  angle  of  the  radiation,  i.e.  that 
arctan  [Sy(oz)/os]  >  (o2,  +  o2,)1/2.  Usually  this  con¬ 
dition  is  easily  satisfied. 

Using  Eqs.(3,4)  in  the  left  hand  side  of  Eqs.  (5),  and 
assuming  koz  <  1,  we  find  the  energy  gain  eU  required 
for  the  creation  of  M  femtosecond  slices: 


eU 

Eb 

eU 

~Eb 


te)  ’ 


(6) 


where  oy{  =  y/ey/prf  is  the  vertical  angular  beam  size 
in  the  location  of  the  RF  cavity,  and  ey  is  the  vertical  beam 
emittance. 

Compression  of  the  radiation  of  all  beam  slices  into  a 
single  x-ray  pulse  of  the  order  of  ~150  fs  may  be  per¬ 
formed  in  the  x-ray  beamline.  Asymmetrically-cut  crys¬ 
tals  may  be  used  as  optical  elements  for  x-ray  pulse  com¬ 
pression  [4].  Because  of  the  different  incident  and  diffrac¬ 
tive  angles,  they  produce  a  variable  path  length  across  the 
x-ray  beam.  Alternatively,  one  can  use  the  angle-time  or 
coordinate-time  correlation  of  the  radiation  for  simultane¬ 
ous  observation  of  different  time  delays  on  a  position  sen¬ 
sitive  detector. 

The  disadvantage  of  the  RF  orbit  deflection  technique  is 
a  requirement  of  a  <  100  fs  jitter  in  a  synchronization  of  the 
laser  to  the  electron  beam  in  a  storage  ring.  It  is  factor  of 
four  better  than  the  best  obtained  results  [5],  The  advan¬ 
tage  of  this  technique  is  that  the  femtosecond  x-ray  pulses 
are  generated  by  every  electron  bunch  and  on  every  orbit 
turn  and  all  electrons  contribute  to  the  radiation.  Therefore, 
the  resulting  flux  of  the  x-rays  is  many  orders  of  magnitude 
higher  than  in  the  first  technique  (~  1014  photons/sec/0.1 
%  BW  at  5  keV  for  undulator  radiation).  However,  the  real 
flux  that  currently  can  be  utilize  in  practice  in  a  pump  - 
probe  measurement  is  approximately  three  orders  of  mag¬ 
nitude  less  because  of  the  repetition  frequency  and  pulse 
energy  limitations  of  present  femtosecond  lasers. 
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Abstract 

The  third  generation  Advanced  Light  Source  (ALS) 
produces  extremely  bright  and  finely  focused  photon 
beams  using  undulators,  wigglers,  and  bend  magnets.  In 
order  to  position  the  photon  beams  accurately,  a  slow 
global  orbit  feedback  system  has  been  developed.  The 
dominant  causes  of  orbit  motion  at  the  ALS  are 
temperature  variation  and  insertion  device  motion.  This 
type  of  motion  can  be  removed  using  slow  global  orbit 
feedback  with  a  data  rate  of  a  few  Hertz.  The  remaining 
orbit  motion  in  the  ALS  is  only  1-3  micron  rms.  Slow 
orbit  feedback  does  not  require  high  computational 
throughput.  At  the  ALS,  the  global  orbit  feedback 
algorithm,  based  on  the  singular  valued  decomposition 
method,  is  coded  in  MATLAB”  and  runs  on  a  control 
room  workstation.  Using  the  MATLAB®  environment  to 
develop,  test,  and  run  the  storage  ring  control  algorithms 
has  proven  to  be  a  fast  and  efficient  way  to  operate  the 
ALS. 

1  INTRODUCTION 

Maintaining  the  proper  electron  beam  orbit  is  an 
important  operational  issue  for  all  light  sources.  The 
most  commonly  used  figure-of-merit  for  orbit  stability  is 
that  the  beam  should  be  stable  to  one-tenth  of  the  beam 
size.  That  is,  the  optics  for  most  light  source 
experiments  can  tolerate  a  ten  percent  fluctuation  in  the 
beam  before  it  adversely  affects  the  experiment.  Shown 
in  Table  1,  this  implies  a  very  tight  tolerance  for  orbit 
motion  at  the  ALS  (table  calculated  assuming  1.8% 
coupling),  [1]. 


Table  1:  Beam  stability  requirements 


Beam  Location 

Horizontal 

Vertical 

Straight  Section 

24.6  pm 

2.0  pm 

Bend  Magnet  #1 

5.3  pm 

4.4  pm 

Bend  Magnet  #2 

10.3  pm 

1.2  pm 

In  reality,  obtaining  this  tight  a  control  over  the  obit 
over  all  frequency  ranges  is  extremely  difficult.  Local 
and  global  orbit  feedback  algorithms  can  potentially 
regulate  the  beam  position  to  accuracy  of  the  position 
monitor  (BPM)  system,  however,  building  a  BPM 
system  which  is  accurate  to  the  micron  level  is  quite 
difficult.  Many  third  generation  light  sources  have  BPM 
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systems  capable  of  sub-micron  level  accuracy  over 
relatively  short  time  intervals.  At  the  ALS,  the  electron 
beam  can  be  accurately  measured  to  .6  pm  horizontally 
and  .8  pm  vertically  over  a  .1-300  Hertz  frequency 
range.  The  problem  for  measuring  beam  motion  at  the 
ALS  is  over  longer  time  intervals.  The  two  major 
sources  of  error  are  current  dependence  of  the  BPM 
electronics  and  physical  motion  of  the  vacuum  chamber. 
Harmonic  correction  algorithms  can  mitigate  these 
problems,  but  it  is  very  difficult  to  maintain  micron  level 
orbit  stability  over  long  time  periods.  Due  to  these 
problems,  we  have  taken  a  very  conservative  approach  to 
adding  orbit  feedback  to  the  ALS  storage  ring. 

In  addition  to  the  original  96  BPMs  in  the  ALS  storage 
ring,  a  pair  of  very  accurate  BPMs  have  been  installed  in 
each  insertion  device  straight  section  (20  BPMs  in  total), 
[2].  By  rigidly  mounting  these  BPMs  to  each  insertion 
device  structure  that  is  installed  in  a  temperature 
controlled  housing,  the  positional  stable  of  the  BPM  is 
very  good.  The  relative  motion  between  the  BPM  and 
storage  ring  floor  is  a  few  microns  per  week,  [3].  With 
the  addition  of  these  new  monitors,  global  orbit  feedback 
in  the  horizontal  plane  has  been  added  to  the  standard 
operation  of  the  ALS. 

High-level  magnet  control  and  conditioning  of  the 
ALS  storage  ring  is  done  using  a  commercial  software 
package  from  the  Mathworks  Inc.  call  MATLAB®,  [4]. 
MATLAB®  is  an  excellent  language  for  algorithmic 
prototyping.  The  global  orbit  feedback  algorithm  was 
designed  and  implemented  in  MATLAB®.  Although 
MATLAB®  is  far  from  a  real-time  programming 
language  it  has  proven  to  be  an  efficient  and  stable 
software  product  for  running  global  orbit  feedback. 

2  ORBIT  MOTION  AT  THE  ALS 

For  a  light  source,  electron  beam  stability  is  important 
over  a  huge  frequency  range — days  to  hundreds  of 
megahertz.  This  paper  focuses  on  slow  orbit  motion. 
Slow  orbit  motion  will  be  subdivided  into  really  slow 
motion,  less  than  .1  Hertz  (drift),  and  faster  motion,  .1- 
300  Hertz.  Table  2  is  a  relatively  conservative  listing  of 
the  observed  orbit  stability  at  the  ALS  without  feedback. 
(0-300  Hertz  is  the  bandwidth  of  the  BPM  system.) 

2.1  Slow  Orbit  Drift 

The  dominant  source  of  orbit  motion  in  the  ALS  is 
slow  drift  due  to  temperature  variations.  There  are  three 
basic  causes  of  thermal  variations:  1)  change  in  ambient 
air  temperature  of  the  storage  ring  tunnel,  2)  change  in 
the  low  conducting  water  (LCW)  temperature,  and  3) 
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change  in  the  photon  beam  power  as  the  electron  beam 
decays.  The  regulation  specification  is  +.2  and  ±.l 
degrees  Celsius  for  the  air  and  LCW  temperature, 
respectively.  However,  temperature  regulation  to  this 
level  is  difficult  to  achieve  day-to-day. 

Insertion  device  motion  is  the  next  largest  source  of 
slow  orbit  distortion.  The  ALS  experimenters  can  freely 
adjust  the  insertion  device  gap  at  any  time.  Feed 
forward  tables  are  empirically  generated  to  compensated 
for  this  motion.  The  accuracy  of  a  given  table  is  5-10 
pm  rms. 

Figures  1-2  show  the  electron  beam  orbit  in  the 
insertion  device  straight  sections  for  a  typical  day  before 
the  orbit  feedback  system  was  operational.  The 
horizontal  orbit  is  more  sensitive  to  temperature 
variation. 


Figure  1 :  Horizontal  orbit  stability  without  feedback, 
August  15,  1998. 
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Figure  2:  Vertical  orbit  stability  without  feedback, 
August  15,  1998. 


2.2  “Fast”  Orbit  Motion 


The  dominant  cause  of  "fast"  orbit  motion,  .1-300 
Hertz,  at  the  ALS  is  vibrations.  Power  supply  regulation 
is  a  common  cause  of  orbit  stability  problems  in  this 


frequency  range,  however,  it  thankfully  has  not  been  an 
issue  at  the  ALS.  Figure  3  shows  the  power  spectrum  for 
of  the  orbit  motion  in  the  horizontal  plane  from  .3-50 
Hertz.  The  rms  motion  from  .1-300  Hertz  is  typically 
3.0  pm  horizontally  and  1.2  pm  vertically.  These 
numbers  have  not  changed  very  much  over  the  last  five 
years  which  implies  that  the  ALS  can  inherently  meet  its 
stable  goal,  Table  1,  in  this  frequency  range  without 
orbit  feedback. 


Frequency  [Hz] 


Figure  3:  Power  spectral  density  of  the  horizontal  orbit. 


Table  2:  Beam  stability  w/o  orbit  feedback 


Frequency 

Magnitude 

Dominant  Cause 

Two  weeks 

(A  typical 
experimental 
run) 

Horizontally 
±200  pm 

Vertically 
±100  pm 

1.  Magnet  hysteresis 

2.  Temperature 
fluctuations 

3.  Component  heating 
between  1 .5  GeV  and 
1.9  GeV 

1  Day 

Horizontally 
±125  pm 
Vertically 
±75  pm 

Temperature 

fluctuations 

4  Hour  Fill 

Horizontally 
±50  pm 
Vertically 
±20  pm 

1.  Temperature 
fluctuations 

2.  Feed  forward  errors 

Minutes 

5  to  10  pm 

Feed  forward  errors 

.1  to  300  Hz 

1  to  3  pm 

Ground  vibration 

3  SLOW  GLOBAL  ORBIT  FEEDBACK 

A  slow  global  orbit  feedback  system  in  the  horizontal 
plane  has  been  in  operation  at  the  ALS  since  September 
1998.  Before  that  time,  orbit  correction  was  only  done 
at  the  beginning  of  an  experiment  run.  Besides  the  feed 
forward  correction  to  compensate  for  insertion  device 
motion,  the  storage  ring  magnet  control  would  be  static 
for  the  length  of  the  run — typically  two  weeks.  As 
shown  in  Table  2,  the  ALS  is  surprisingly  quite  stable 
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without  orbit  correction.  However,  in  order  to  meet  the 
tolerances  in  Table  1  a  slow  global  orbit  feedback 
system  needed  to  be  developed. 

3.1  The  Global  Feedback  Algorithm 

The  following  example  is  the  entire  horizontal  global 
orbit  correction  routine  for  the  ALS  using  a  singular 
valued  decomposition  (SVD)  method.  The  present 
algorithm  uses  18  BPMs,  12  corrector  magnets,  and  the 
first  10  singular  values  of  the  response  matrix,  Sx. 

X  =  getx; 

[U,  S,  V]  =  svd(Sx); 

DeltaAmps  =  -  X  /  U(:,l:10); 
stcpsp(‘HCM’,  DeltaAmps); 

Once  the  ALS  database  access  functions  getx  (get  the 
horizontal  orbit)  and  stepsp  (step  the  corrector  magnet 
setpoint)  have  been  written,  this  relatively  involved 
global  orbit  correction  method  can  be  accomplished  in 
four  lines:  1)  get  the  horizontal  orbit,  2)  compute  the 
SVD  of  the  response  matrix,  3)  find  the  corrector 
changes  via  Gaussian  elimination,  and  4)  apply  the 
correction. 

3.2  Results 
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Figure  4:  Horizontal  orbit  stability  with  feedback  on, 
February  6,  1999. 


to  a  corrector  magnet  change  is  only  a  fraction  of  a 
second  (the  aluminium  vacuum  chamber  is  quite  thin  at 
the  location  of  the  straight  section  corrector  magnets).  If 
the  data  rate  of  the  “feedback”  loop  is  10  seconds,  then  it 
is  essentially  an  open  loop  system.  In  fact,  only  the  open 
loop  system  dynamics  are  important.  A  more 
appropriate  word  for  this  type  of  orbit  correction  would 
be  a  retry  system. 

4  ACCELERATOR  CONTROL  USING 
MATLAB 

MATLAB®  is  a  high-level  matrix  manipulation 
language  originally  developed  to  be  an  efficient 
programming  environment  for  using  the  LINPACK  and 
EISPACK  libraries  in  the  heyday  of  FORTRAN. 
MATLAB®  is  convenient  software  package  to  control 
particle  accelerators  for  a  number  of  reasons. 

•  Matrix  algebra  is  coded  very  similar  to  how  it  is 
written  on  paper. 

•  MATLAB®  supports  a  huge  number  of 
subroutines. 

•  An  active  workspace  eases  debug  and 

development  of  algorithms.  This  is  particularly 
important  during  accelerator  physics  studies  when 
machine  time  is  very  expensive. 

•  Excellent  graphics. 

•  Ease  of  importing  and  exporting  data. 

•  Basic  graphical  users  interface  capabilities. 

•  Interfaces  to  C  and  Fortran  subroutines.  Hence, 
connecting  MATLAB®  to  the  ALS  database  and 
EPICs  was  relatively  easy. 

•  Platform  independence. 

MATLAB®  is  an  interpreted  language,  hence  the 
computational  speed  does  not  compare  favourably  to  a 
compiled  language.  However,  the  fact  that  MATLAB®'s 
built-in  functions  are  compiled  greatly  mitigates  the 
speed  disadvantage  of  using  an  interpreted  language. 
When  controlling  magnet  power  supplies,  the  slow  link 
in  the  system  is  the  ramp  rate  of  the  supply,  not 
MATLAB®. 


if0 

spJEWIfe 

sin  pftsfia 

PSSSP 

One  could  correct  the  orbit  in  Figure  4  to  the  micron 
level,  however  the  orbit  correction  algorithm  is  presently 
run  over-constrained.  This  is  a  conservative  measure 
done  so  that  the  feedback  system  does  not  track  vacuum 
chamber  motion  so  well.  More  corrector  magnets  will 
be  used  in  the  future  since  the  measured  motion  of  the 
vacuum  chamber  in  the  insertion  device  straight  sections 
is  small — a  few  microns,  [3], 

3.3  An  Aside 

The  word  "feedback"  is  used  in  a  rather  cavalier  way 
in  this  paper.  The  transient  response  of  the  beam  position 
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EXPERIMENTAL  STUDIES  OF  THE  NONLINEAR 
MOMENTUM  COMPACTION  FACTOR  AT  BESSY  II  * 
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Abstract 

Experimental  studies  were  performed,  to  measure  the  non¬ 
linear  behavior  of  the  momentum  compaction  factor  a 
at  the  BESSY  II  electron  storage  ring.  Based  on  these 
results  the  momentum  acceptance  of  the  storage  ring 
can  be  derived.  Several  sets  of  measurements  at  differ¬ 
ent  values  of  the  horizontal  chromaticity  in  the  range  of 
AQx/(Ap/po)  =  £x  =  —5.5 . . .  +  8.1  were  generated. 
Depending  on  tune  and  horizontal  chromaticity  particles  in 
the  range  from  —4%  <  Ap/po  <  8%  could  be  stored. 

1  INTRODUCTION 

BESSY  II  is  a  1.7  GeV,  low  emittance,  high  brilliance  syn¬ 
chrotron  radiation  light  source  recently  started  operation 
at  Berlin- Adlershof  [1],  The  lattice  of  the  storage  ring  is 
a  16-cell  ‘Double  Bend  Achromat’  with  alternating  high 
and  low  /3-values  and  zero  dispersion  in  the  straights.  The 
ring  circumference  is  240  m.  The  transverse  tunes  are 
Qx  =  17.8  and  Qy  =  6.7,  the  natural  chromaticities  are 
£nat.,x  ~  “52.7  and  £nat.,y  =  —26.8, 

A  source  of  major  life  time  limitations  of  the  stored  elec¬ 
tron  beam  are  scattering  processes,  were  electrons  suffer 
a  sudden  energy  change,  well  known  as  Touschek  effect 
and  bremsstrahlung  process  [2],  To  avoid  a  loss  of  these 
scattered  particles  and  to  achieve  a  good  beam  lifetime,  the 
transverse  and  longitudinal  momentum  acceptance  of  the 
machine  is  designed  for  Ap/po  ±  3%.  One  task  of  the  pre¬ 
sented  measurements  was  the  determination  of  the  actual 
machine  momentum  acceptance. 

2  THE  MOMENTUM  COMPACTION 
FACTOR  a 

2.1  Definition  of  a 

The  length  of  the  particle  orbit  together  with  the  mag¬ 
netic  field  on  this  orbit  defines  the  energy  of  the  electrons. 
The  rf-frequency  and  its  harmonic  number  define  the  path 
length  of  the  electrons  in  the  ring.  Because  of  the  fast  radi¬ 
ation  damping,  the  particle  energy  will  follow  a  change  of 
the  rf-frequency  or  the  magnetic  field  within  few  millisec¬ 
onds.  In  the  experiments  discussed  here  the  rf-frequency 
at  fixed  magnetic  field  was  detuned  to  change  the  electron 
energy. 
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To  describe  changes  of  the  path  length  for  electrons  with 
small  momentum  deviations  it  is  common,  to  apply  a  series 
expansion  of  the  path  length  with  respect  to  the  momentum 
deviation  [2],  The  influence  of  betatron  oscillations  on  the 
momentum  compaction  factor  can  be  ignored  here,  because 
theire  amplitudes  are  less  than  1  mm.  It  seems  that  there  is 
not  a  unique  definition  of  the  type  of  series  expansion  in 
literature.  For  the  following  discussion  two  types  of  defini¬ 
tions  for  the  momentum  compaction  factor  a  are  required: 

dL  .  L  AL  .  Lq 

ap  =  —  /-  ,  and  a  =  -r-/—  . 

dp  p  Ap  po 

In  case  of  the  first  definition  ap  =  ap  (p)  is  based  on 
small  changes  of  the  momentum  around  some  specified 
momentum  value  p.  It  is  given  by  the  differential  change 
of  the  path  length  L  with  respect  to  the  momentum.  This 
ap  depends  on  the  local  properties  of  the  particle  orbit, 
independent  of  the  reference  orbit  length  Lo  and  reference 
momentum  po.  In  our  experiments  p  could  typically  differ 
from  the  reference  value  po  by  a  few  percent,  whereas  the 
‘differential’  changes  are  about  a  factor  ten  smaller. 

The  second,  similar  definition  is  based  on  difference  ex¬ 
pressions,  valid  for  larger  momentum  changes  of  the  order 
of  few  percent  with  respect  to  the  reference  momentum 
po-  It  is  normalized  with  respect  to  the  reference  values  of 
momentum  po  and  orbit  length  Lo-  Both  definitions,  ap 
and  a,  are  functions  of  the  momentum  p. 

The  definitions  of  a  and  ap  are  not  independent  of  each 
other,  they  are  connected  by  a  differential  equation  : 

_  1  +  Ap/po  d(aAp/p0) 
ap  1  +  aAp/po  d(Ap/p0) 

In  the  case  that  p  approaches  po  both  definitions  yield  the 
same  limiting  value  c*o: 

lim  a  =  lim  ap  =  oiq  • 

p—' ‘Po  P~*Po 

Based  on  linear  approximations,  this  value  can  be  calcu¬ 
lated: 


—  j  'f'  5 

7 ring  P 

were  Dx  is  the  linear  dispersion  function  and  p  the  dipole 
bending  radius.  For  the  present  storage  ring  optics  we  have 
a0  =  7.3  •  10-4. 
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Figure  1:  Measured  normalized  synchrotron  tune  Qa  as  a 
function  of  the  relative  rf-frequency  change  (A  fTf)/frf,o 
for  two  different  values  of  the  horizontal  chromaticity  £x. 
The  measured  points  are  fitted  by  a  polynomial  (line). 

2. 2  Reconstruction  of  a  from  measurements 


Qs,p  _  Ctp  Po 

Qa, 0  "“OP  ' 

The  left-hand-side  expression  involving  the  synchrotron 
tunes  was  measured  by  varying  the  rf-frequency,  two  typ¬ 
ical  examples  of  the  measurements  plotted  as  Qa,p/Qs, o 
are  shown  in  Fig.l.  It  was  shown  by  simulations,  that 
fluctuations  of  the  measured  points  could  be  explained  by 
misalignment  errors. 

Replacing  ap  in  the  equation  by  its  definition  and  rear¬ 
ranging: 

dp  dL  Q2S  o 

ao  t  * 

Po  L  Q2s  p 
Integrating  both  sides  yields: 

p  -  Po  f  Qs, o  dL 

a°  Po  ~  1  QlP  L  ■ 

The  orbit  changes  can  be  expressed  by  appropriate  rf- 
frequency  changes  ^  =  —  y^f-,  which  transforms  the 
integrant  into  only  rf-depended  terms: 


From  the  longitudinal  beam  dynamics  the  expression  for 
the  longitudinal  tune  Q„  of  the  synchrotron  oscillation  is 
given  by  [2]: 


COS 

2-KppCp 


were  h  is  the  harmonic  number,  Vcav  the  effective  peak 
Voltage  of  the  rf-frequency,  ip  is  the  phase  angle  of  the 
synchronous  particle  and  Pc  the  velocity  of  the  particle. 
The  index  p  is  used  to  point  out  that  these  values  are 
related  to  the  local  properties  of  the  orbit,  defined  for 
a  given  momentum  p.  Only  the  local  orbit  dynamics  is 
involved,  because  the  relative  energy  spread  of  the  bunches 
is  ‘differentially’  small,  less  than  10-3. 

The  accurate  estimate  of  the  effective  rf- Voltage  seen  by 
the  beam  is  rather  difficult.  By  relating  the  longitudinal 
tune  to  the  tune  at  p  =  p0  the  expression  can  be  simplified 
and  becomes  independent  of  the  Voltage: 


Qlv 
Ql  o 


rjp  cos  ipp 

PpP 


/ 


TJq  COS  IpQ 

PoPo 


The  phase  angle  ip  defined  by  the  large  amplitude  of  the 
rf- Voltage  and  a  comparably  small  energy  loss  per  turn 
is  only  some  few  degrees.  The  change  of  this  angle  with 
respect  to  the  few  percent  changes  of  the  momentum 
considered  here  is  even  smaller  and  will  be  neglected, 
we  set  cos  ipo  =  cos  ipp.  At  typical  BESSY  II  energies  a 
small  change  of  the  particle  momentum  hardly  changes  the 
particle  velocity.  Therefore,  the  ‘frequency  slip  factor’  riP 
can  be  well  approximated  by  -ap  and  pp  =  po .  Taking 
into  account  these  approximations  yields  the  simple  result: 


A p  _  r  Q\ o  dfrf  r  Qs, 0  dr 

a°Po  JQlpfrf-  J  Qlp(l+r)' 

For  the  last  step  frf  was  substituted  by  (1  +  r)frf,0.  The 
whole  integrant  can  be  constructed  from  the  measured  data 
and  fitted  by  a  polynomial  of  the  type  at(A fTf/  frf,o)\ 
similar  as  shown  in  Fig.l,  were  a  fit  to  the  original  data 
was  applied. 

The  polynomial  can  be  integrated  analytically 


Ap  A  frr  1  . 

-<*0-7  =  f  +?a*( 
Po  Jrffi  2 


A/r/  \2  .  1  . 

7 — )  +oa3(7 — )  +  ••• 
Jr},  0  Jrf,0 


and  the  relative  momentum  deviation  as  a  function  of  the 
relative  rf-detuning  is  obtained. 

The  integration  smoothes  the  measured  data,  at  this 
point  results  of  measured,  fitted  and  simulated  data 
are  compared,  see  Fig.2.  Results  are  shown  for  two 
examples  with  the  most  detuned  chromaticities,  at 
£,x  =  +8.1  and  =  —5.5.  Similar  results  from  data  for 
ix  =  +5.6,  +2.2,  —1.6  and  -  5.2  are  not  presented 
here.  The  simulation  was  done  with  the  beam  optical  code 
MAD  [3]  applying  some  minor  adjustments,  such  as  a  1  % 
change  of  ao  and  a  small  shift  of  the  absolute  momentum 
scale. 

The  polynomial  fit  has  the  advantage,  that  critical  numeri¬ 
cal  expressions  of  small  numerator  and  denominator,  such 
as  (Afrf  / frf,o) / (Ap/po)  can  be  calculated  analytically. 
A  second  fit  applied  to  the  reverse  function  r  =  r (Ap/po) 
yields  the  rf-detuning  and  the  change  of  the  orbit  length  as 
a  function  of  the  momentum  deviation: 


A  frf  _  A L 

frf,0  Lo 


=  ^(a0 +a1(^)+a2(^)2  +  ...). 
Po  Po  Po 
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Ap/po  /  % 


Figure  2:  (a— ao)  Ap/po  as  as  a  function  of  the  momentum 
deviation  A p/po.  Two  typical  results  for  =  +8.1  and 
=  —5.5  are  shown  for  measured,  fitted  and  simulated 
data.  For  the  absolute  scaling  of  the  horizontal  axis  a0  = 
7.34  •  10-4  was  assumed. 


Figure  3:  Momentum  compaction  factor  a/ao  as  a  func¬ 
tion  of  the  momentum  deviation  Ap/po ■  Start  and  end 
point  of  each  line  indicate  the  range,  were  stable  beam  stor¬ 
age  is  possible.  The  results  of  this  figure  are  derived  from 
the  polynomial  fit. 


Commonly,  the  coefficients  of  this  last  expansion  (or  a 
similar  one)  are  abbreviated  by  a*.  The  first  term  of  this 
series  is  by  definition  a0 a0  can  not  be  extracted  from 
these  results,  the  value  ao  =  7.3  -  10~4  was  used.  For  a 
follows  the  series  expansion: 


A L  .A p  . Am.  /An. o 

~7  /  —  =  a  =  a0  +  a!  (— -)  +  a2  (— )  +  •  •  •  ■ 

Lo  Po  Po  Po 

Fig. 3  shows  a/ao  as  a  function  of  the  momentum  devia¬ 
tion.  For  a  given  momentum  value  this  ratio  gives  the  re¬ 
quired  correction  of  the  rf-frequency,  which  is  of  the  order 
of  ±30%,  due  to  the  influence  of  higher  order  terms  of  the 
momentum  compaction  factor. 


3  THE  MEASUREMENTS 

The  transverse  and  longitudinal  tunes  were  measured  at 
beam  currents  of  around  10  mA.  The  coherent  beam  signal 
in  all  3  directions  was  measured  using  a  strip  line  signal  and 
analyzed  with  a  ‘Rohde  &  Schwarz  FSEA’  spectrum  ana¬ 
lyzer.  The  accuracy  of  the  transverse  and  longitudinal  tune 
measurements  are  determined  by  the  line  width  of  the  beam 
tune  signal,  which  was  in  the  order  of  0.5  %.  The  vertical 
chromaticity  was  not  changed  and  kept  at  £y  =  1.6,  only 
data  for  different  horizontal  ^-values  were  recorded.  The 
rf-frequency  was  detuned  until  beam  loss.  Beam  loss  by 
critical  transverse  resonances  was  avoided  by  readjusting 
the  quadrupole  settings  if  required;  it  was  verified,  that  the 
longitudinal  tune  was  not  influenced  by  this.  For  fixed  hor¬ 
izontal  chromaticity  but  different  values  of  vertical  chro¬ 
maticity  it  was  confirmed,  that  the  longitudinal  tune  is  not 
dependent  on  the  vertical  chromaticity.  Different  cavity 
voltages  showed  also  no  influence  on  the  normalized  lon¬ 
gitudinal  tunes. 


4  SUMMARY  AND  CONCLUSION 

The  momentum  compaction  factor  can  be  measured  to  a 
very  high  accuracy  by  applying  frequency  based  methods. 
If  fitted  by  a  polynomial,  the  results  shown  in  Fig.2.  would 
require  a  polynomial  of  5th  order.  The  value  of  ao  was 
yet  not  measured,  but  taken  from  a  simulation  code.  In 
case  the  momentum  acceptance  is  calculated  only  with  this 
linear  term,  the  estimated  rf-frequency  change  needs  a  fur¬ 
ther  correction  of  the  order  of  ±30%,  depending  on  the 
chromaticity.  As  expected,  the  momentum  compaction  fac¬ 
tor  is  very  sensitive  to  the  horizontal  chromaticity.  The 
measured  results  could  be  excellent  reproduced  with  the 
simulation  code  MAD.  From  these  measurements  the  mo¬ 
mentum  limits  for  stable  beam  storage  was  found  to  be 
-4%  <  Ap/po  <  +8%. 
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ESTABLISHMENT  OF  A  MODEL  FOR  INTERPRETATION  AND 
CORRECTION  TOOLS  FOR  BESSY  IF 


R.  Bakker,  D.  Kramer,  B.  Kusket.  P.  Kuske,  R.  Muller,  BESSY,  Berlin,  Germany 

Abstract 


From  the  very  beginning  of  the  commissioning  of  the  Syn¬ 
chrotron  Radiation  facility  BESSY  II,  work  has  been  fa¬ 
cilitated  by  online  interpretation  and  correction  procedures 
that  utilise  a  commonly  accessible  online  model  of  the 
storage  ring  optics.  The  software  covers  all  linear  prop¬ 
erties  like  beta  functions,  orbit  correction,  tune  variation 
etc.  Initially  the  model  has  been  set  up  from  construction 
and  alignment  data  and  magnetic  bench  measurements.  All 
relevant  parameters  are  retrieved  from  a  central  reference 
database.  During  commissioning,  the  model  has  been  ad¬ 
justed  in  several  steps,  feeding  back  results  from  orbit  re¬ 
sponse  measurements.  The  achieved  agreement  is  demon¬ 
strated. 

1  INTRODUCTION 

The  BESSY  II  storage  ring  [1]  has  been  commissioned  dur¬ 
ing  the  last  9  months  of  1998,  and  is  in  user-operation  since 
the  beginning  of  1999.  During  9  two- weeks  machine  devel¬ 
opment  runs  the  reference  optics  has  been  established  and 
the  design  parameters  have  been  reached  or  surpassed  [2]. 

The  BESSY  II  control  system  [3]  provides  an  online 
model  of  the  storage  ring  optics,  based  on  the  GOEMON 
optics  library  [4],  Constant  data,  like  the  geometries  and 
the  conversion  factors  (current  to  magnetic  field)  which  ini¬ 
tially  where  extracted  from  magnetic  bench  measurements 
are  taken  from  the  ORACLE.database.  In  combination  with 
the  actual  currents  read  back  from  the  power  supplies,  an 
online  model  is  set  up  during  the  initialization  phase  of  the 
orbit  control  software  and  the  optic  program  and  can  be 
continuously  updated.  The  calculated  beta  functions,  tunes, 
chromaticities  etc.  can  be  displayed,  and  are  used  in  correc¬ 
tion  algorithms,  as  e.g.,  the  sensitivity  matrices  in  the  orbit 
correction.  The  correct  translation  from  the  power  supply 
currents  into  the  model  was  of  essential  importance  for  the 
progress  during  commissioning.  Orbit  response  measure¬ 
ments  (ORM)  where  used  to  get  a  better  understanding  of 
the  storage  ring  hardware  and  improve  the  model. 

2  MODEL  EVOLUTION  DURING 
COMMISSIONING 

Already  during  the  first  run  ORM  were  taken  and  revealed 
few  hardware  bugs,  like  a  systematic  polarity  twist  of  all 
correction  coils  in  the  dipoles.  Measurements  taken  during 
the  second  run,  where  the  machine  was  run  without  sex- 
tupoles,  led  to  a  rise  of  2  —  3%  of  the  conversion  factors 
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for  the  two  defocusing  quadrupole  families  located  next  to 
the  dipoles.  The  initial  difference  between  calculated  and 
measured  vertical  tune  could  thus  be  fixed.  The  discrep¬ 
ancy  to  the  bench  measurements  might  be  attributed  to  ef¬ 
fects  of  the  dipole  edge,  or  to  shielding  effects.  The  con¬ 
version  factors  of  the  other  Q-families  were  confirmed  on 
the  1  percent  level.  The  resulting  orbit  correction  reached 
rms  values  of  «  1  mm.  During  run  3,  the  sextupoles  where 
switched  on,  and  first  measurements  could  be  taken  with  a 
corrected  orbit  and  better  lifetimes.  This  led  to  a  second 
adaption  of  the  quadrupole  conversion  factors  on  the  sub¬ 
percent  level.  The  resulting  model  was  successfully  used 
during  the  rest  of  the  commissioning.  The  corrected  orbit 
reached  typical  rms-values  of  0.1  mm  in  both  planes.  The 
model  has  also  been  used  to  determine  the  locations  of  the 
BPMs  with  respect  to  the  centers  of  the  quadrupoles  us¬ 
ing  beam  based  techniques  [6],  The  reference  orbit  going 
through  the  center  of  all  144  quadrupoles  is  accomplished 
to  better  than  0.15  mm  in  both  planes.  Beginning  from  run 
7,  the  linear  optics  started  to  settle,  and  9  ORMs  where  at 
the  same  quadrupole  settings,  although  the  sextupoles,  and 
definitely  the  steering  coils  were  tuned  differently.  Only 
these  measurements  are  presented  in  order  to  avoid  the  ef¬ 
fect  of  different  magnet  settings  and  to  outline  the  limits  of 
an  online  model. 

3  ORBIT  RESPONSE  MEASUREMENTS 

The  description  and  the  analysis  of  ORMs  has  been  pub¬ 
lished  e.g.,  in  [5].  Due  to  the  positive  experience  at  BESSY 
I  and  elsewhere,  the  measurement  has  been  included  as  an 
automatic  procedure  in  the  control  system,  as  well  as  the 
extraction  of  the  sensitivity  matrices  from  the  measured 
data,  since  the  beginning  of  the  commissioning.  Usually, 
the  64  horizontal  and  vertical  steering  coils  included  in  the 
sextupoles  are  varied  by  ±  0.07  A,  while  the  weaker  16  hor¬ 
izontal  coils  in  the  dipoles  are  varied  by  ±  0.7  A.  Ten  orbits 
are  recorded  for  each  setting  of  all  steerers,  where  one  or¬ 
bit  already  represents  a  100  ms  average.  The  position  error 
is  <  1  fim  at  any  of  the  112  BPMs  [6],  This  corresponds 
to  an  average  error  of  the  matrix  elements,  which  are  de¬ 
termined  by  linear  regression,  of  0.022  mm/A  in  the  hori¬ 
zontal  and  0.017  mm/A  in  the  vertical  plane.  The  quality  of 
the  horizontal  data  has  been  reduced  by  oscillations  at  mul¬ 
tiples  of  50  Hz.  However,  the  deviation  between  different 
measurements  is  large.  It  exceeds  the  accuracy  of  single 
measurements  by  more  than  an  order  of  magnitude,  even 
if  the  power  supply  settings  of  the  ring  only  differ  in  the 
correction  coil  currents.  These  differences  are  attributed  to 
differences  in  magnetic  field  history  or  drifts  in  temperature 
or  current,  or  other  parameters  that  have  not  been  recorded. 
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They  complicate  the  extraction  of  a  generally  valid  model. 

3. 1  The  Fitting  Procedure 

The  K-values  of  the  quadruples  and  the  conversion  fac¬ 
tors  of  the  corrector  magnets  were  fitted  to  match  the  ex¬ 
perimental  conditions  with  the  aid  of  the  GOEMON  tool. 
A  singular  value  decomposition  procedure  has  been  used 
for  the  non-linear  fit  of  the  K-values  while  the  conversion 
factors  of  the  correction  coils  have  been  adjusted  by  a  least 
square  fit,  iteratively.  An  8-fold  symmetric  model  has  been 
utilised  to  determine  the  properties  of  the  magnet  families. 
Families  equally  powered  and  located  in  equivalent  posi¬ 
tions  where  fitted  as  one  parameter,  as  the  fit  showed  a  ten¬ 
dency  to  differ  between  equivalent  types  of  magnets  with¬ 
out  increasing  the  accuracy  of  the  fit.  The  K-values  of  7 
types  of  quadrupoles  and  the  conversion  factors  for  4  hor¬ 
izontal  and  4  vertical  types  of  corrector  magnets  were  de¬ 
termined.  Individual  BPM  sensitivities  have  not  yet  been 
included,  as  they  could  not  be  reliably  extracted  from  the 
data.  Malfunctioning  BPMs  where  excluded  from  the  data. 
Ambiguous  BPMs  could  be  determined  during  the  fit,  by 
comparing  the  measured  and  the  calculated  matrices  Fig.  1 . 
The  rms  deviation  between  the  measured  and  the  adjusted 
matrices  was  taken  as  indication  of  the  quality  of  the  ap¬ 
proximation. 
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Figure  2:  The  resulting  K-values  from  different  runs  agree 
to  better  than  0.2  percent  for  good  fits 


The  resulting  conversion  factors  for  the  steering  coils  are 
displayed  in  a  similar  way  in  Fig.  3.  The  deviation  from 
the  average  value  of  all  measurements  is  plotted  over  the 
quality  of  the  fit.  The  spread  is  much  wider  than  for  the 
quadrupoles,  and  there  is  no  correlation  with  the  quality  of 
the  fit.  Also  in  this  case  there  was  no  correlation  found 
between  the  settings  of  the  sextupoles  and  the  resulting 
conversion  factors  of  the  steerers  included  in  the  sextupole 
magnets. 
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Figure  1:  Malfunctioning  BPMs  show  up  as  clear  peaks 
in  the  difference  between  measured  and  fitted  sensitivity 
matrices 

3.2  Results 

The  resulting  K-values  and  conversion  factors  of  the  9  mea¬ 
surements  taken  for  identical  linear  optics  were  compared 
and  are  displayed  in  figures  2  to  4.  The  quality  of  the  fit 
varies  between  0.220  and  0.500  mm/A.  Fig.  2  shows  the 
relative  deviation  of  the  resulting  K-values  to  the  averages 
for  all  families.  The  K-values  converge  with  increasing 
quality  of  the  fit.  For  good  fits  (a  <  250  mm/A)  they 
agree  to  better  than  0.2  percent.  No  correlation  with  the 
settings  of  the  sextupoles  during  the  measurements  could 
be  detected,  neither  in  degree  of  approximation  nor  in  the 
scattering  of  the  resulting  K-values. 


Figure  3:  The  conversion  factors  for  the  steering  magnets 
show  rms  values  of  «  1  percent,  independent  of  the  quality 
of  the  fit 

Fig.  4  shows  the  resulting  tunes  for  all  fits,  the  black 
symbols  refer  to  the  three  best  fits.  For  measurements 
where  the  working  points  have  been  recorded,  there  is  a 
10-4  agreement  between  the  calculated  and  the  measured 
tunes.  Thus,  the  wide  spread  of  tunes  of  almost  0.1  in 
both  planes  for  different  measurements  taken  for  identical 
quadrupole  currents  does  represent  a  real  difference  in  the 
conditions  during  the  measurement.  The  sextupole  settings 
seem  to  correlate  to  some  degree  with  the  resulting  tunes. 
Two  fits  show  a  clearly  lower  vertical  tune  (circle).  Only 
in  those  measurements  the  chromatic  sextupoles  where  re¬ 
duced  in  current.  Switching  off  the  harmonic  sextupoles 
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(triangle)  seems  to  cause  a  small  rise  in  the  both  working 
points.  But  even  measurements  with  identical  sextupole 
settings  (triangle)  show  a  SQX  «  0.04. 
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Figure  4:  The  tunes  for  all  fits  reveal  a  tune  shift  for  cases 
where  the  chromatic  sextupoles  where  reduced  in  current 

3.3  Interpretation 
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Figure  5:  The  measurement  of  local  beta  functions  agrees 
well  with  the  new  model 

extracted  from  the  last  measurements,  which  might  be  due 
to  the  optics  changes. 


The  8-fold  symmetry  of  the  ring  can  be  used  to  average 
the  effect  of  always  eight  equivalent  steering  elements,  and 
create  averaged,  but  symmetric  sensitivity  matrices.  Com¬ 
paring  the  averaged  effects  of  the  steerers  with  the  origi¬ 
nal  matrix,  a  rms  deviation  of  0.2  -  0.6  mm/A  was  found. 
This  varying  degree  of  symmetry  in  the  machine,  just  like 
the  wide  spread  in  tune  and  the  difficulty  to  determine  the 
steerer  conversion  factors  indicate  different  (unretrievable) 
machine  conditions  during  the  measurements.  It  is  ex¬ 
pected  that  these  differences  will  diminish  for  a  machine 
in  full  operation.  So  far,  it  does  limit  the  achievable  accu¬ 
racy  of  the  model.  There  is  a  clear  correlation  between  the 
accuracy  reached  in  the  fit  and  the  degree  of  divergence  of 
single  steerers  from  the  average.  This  correlation  indicates 
that  even  for  reproducible  machine  conditions,  the  accu¬ 
racy  of  the  fit  can  be  only  improved  by  splitting  up  the 
magnet  families  and  allowing  individual  conversion  fac¬ 
tors.  According  to  the  bench  measurements  the  deviation 
of  single  quadrupoles  from  their  families  average  is  of  the 
order  of  a  few  per  mill.  Out  of  the  3  best  fits  (tr  <  0.25 
mm/A),  only  one  measurement  utilises  the  regular  settings 
of  all  sextupoles,  and  it  was  taken  to  set  up  the  new  model. 
Fig.  5  shows  the  very  satisfactory  agreement  between  the 
beta  functions  calculated  from  the  new  model  and  those  de¬ 
termined  by  local  variation  of  the  quadrupole  fields. 

3.4  Latest  Results 

During  the  last  machine  shift,  (March  1999),  the  oscilla¬ 
tion  of  the  horizontal  beam  position  could  be  considerably 
reduced,  and  the  quadrupoles  have  been  slightely  adjusted 
to  achieve  more  symmetrical  beta  functions.  Three  ORM 
have  been  performed  during  2  days  and  show  a  good  re¬ 
producibility  in  tune  of  10~4.  The  fitted  K- values  agree  to 
better  than  0.1  percent,  but  there  are  reproducible  differ¬ 
ences  to  up  to  0.5  percent  to  the  K- values  of  the  new  model 


4  CONCLUSION 

The  utilisation  of  an  online  model  in  combination  with  the 
very  early  realization  of  ORMs  has  proven  very  fruitful 
during  the  BESSY  II  commissioning.  In  two  steps  a  qual¬ 
ity  was  reached  that  satisfied  commissioning  needs.  For 
a  more  detailed  analysis,  especially  effects  of  single  mag¬ 
nets,  the  optics  has  to  be  finally  settled  and  the  conditions 
during  the  ORMs  have  to  be  recorded  more  carefully  in  or¬ 
der  to  isolate  the  effects  that  lead  to  the  bad  consistency 
of  the  extracted  sensitivity  matrices.  The  model  has  to  be 
extended  from  magnet  families  to  individual  magnets  in  or¬ 
der  to  improve  the  approximation  to  be  comparable  to  the 
accuracy  of  the  measurements.  With  increasing  confidence 
in  single  measurements  also  the  individual  sensitivity  of  the 
BPMs  has  to  be  included  in  the  model. 
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Abstract 

Software  requirements  evolve  rapidly  during  the  short  com¬ 
missioning  period  of  a  third  generation  light  source.  Main 
focus  moves  from  atomic  device  control  to  complex  con¬ 
ditioning,  experiment  performance,  measurement  data  tak¬ 
ing,  beam  quality  maintenance  and  performance  monitoring 
tasks.  From  the  very  beginning  the  essential  tools  have  to  be 
set  up  properly  and  need  to  be  sufficiently  adaptive  to  eas¬ 
ily  absorb  the  actual  findings  of  the  running  in  procedures. 
In  this  paper  the  major  software  modules  at  BESSY  II  are 
depicted  and  their  relevance  for  the  progress  of  the  com¬ 
missioning  is  rated.  Implemented  functionalities  and  used 
methods  are  described  in  more  detail  for  the  basic  working 
horses  (like  compound  devices,  handling  of  snapshot  files, 
orbit  control).  Explanations  are  given  why  certain  tools 
turned  out  to  be  less  accepted  or  useful  (yet). 

1  APPLICATION  DEVELOPMENT 
ENVIRONMENT 

With  respect  to  software  requirements  commissioning  of  a 
light  source  storage  ring  is  a  very  demanding  phase  .  Tools 
with  a  wide  variety  of  functionalities  have  to  be  available 
(see  fig.  1).  Many  new  insights  into  the  behaviour  of  the 
new  machine  are  achieved  in  a  very  short  time.  Numerous 
requests  for  creation  or  modification  of  software  support 
arise. 


Based  on  the  EPICS  toolkit  used  at  BESSY  a  large  num¬ 
ber  of  generic  applications  is  available  that  noticably  facil- 
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itates  the  set  up  of  a  device  control  layer.  In  addition  a  few 
tools  are  suited  to  satisfy  operator  or  supervisor  requests. 
Standard  measurement  and  analysis  tasks  are  feasible  with 
the  aid  of  the  SDDS  toolkit[l]  and  shell  programming. 

For  performance  analysis  and  correction  procedures 
involving  accelerator  physics  describing  accelerator  be¬ 
haviour  a  number  of  solutions  and  toolkits  developed  in 
other  laboratories  had  been  investigated.  Amount  of  adap¬ 
tation  work,  resulting  flexibility  and  related  arguments  led 
to  the  decision  to  pick  up  ideas  and  create  these  programs 
within  the  software  context  available  at  BESSY.  For  that 
purpose  three  fundamental  design  decisions  turned  out  to 
be  very  helpful:  to  use  (1)  the  relational  DB  ORACLE 
as  global  reference  repository,  (2)  the  unique  C++  toolkit 
goemon[2)  for  model  descriptions,  (3)  a  well  separated 
interface  to  the  graphical  user  interface[3].  That  infras¬ 
tructure  allowed  to  build  additional  utility  toolkits  e.g.  a 
magnet-power  supply  support  library  convenietly  connect¬ 
ing  physics  and  model  description  with  device  I/O  and  en¬ 
gineering  units. 

2  DEVICE  CONTROL 

2.1  Status  Displays,  Control  Handles 

Comprehensive  synoptic  views  have  been  built  with  the 
EPICS  display  manager  that  allow  for  hierarchical  struc¬ 
tured  navigation  and  provide  a  web  of  light  weight  and  user 
friendly  control  panels.  For  specific  tuning  problems  a  knob 
manager  connects  the  setpoints  of  interest  to  dial  boxes. 
Strip  chart  recording  software  is  available  for  simple  stabil¬ 
ity  analysis  as  well  as  for  correlation  tests  and  preliminary 
measurements.  Supervisory  tasks  take  care  of  sensitive  de¬ 
vices,  e.g.  sending  OFF  to  the  microtron  contrapole  causes 
a  software  controlled  graceful  ramp  down  procedure.  Thus 
for  the  control  of  single  devices  a  intuitive,  ‘complete’,  and 
robust  man-machine  interface  has  been  set  up  that  is  well 
accepted  and  adequately  operatable  from  a  single  operator 
seat  equipped  with  two  monitors  and  five  workspaces. 

2.2  Pseudo  Devices 

Dependent  on  the  operation  mode  quadrupole  and  sextupole 
power  supplies  are  combined  to  families.  Or  the  kicker  am¬ 
plitudes  have  to  be  tuned  until  a  closed  bump  is  formed. 
Then  the  closed  bump  amplitude  has  to  be  optimized  for 
injection  efficiency.  To  operate  these  groups  of  devices  by 
pseudo  set  points  has  been  made  possible  through  sophisti¬ 
cated  programming  on  the  front  end  computer  (IOC)  level. 
Especially  in  the  early  phase  of  beam  threading  the  rapid, 
easy  and  consistent  switching  between  single  device  access 
and  groupwise  operation  turned  out  to  be  extremely  helpful. 
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For  temporary,  not  yet  settled  or  less  elementary  applica¬ 
tions  an  easy  configurable  ‘multi-knob’  is  available  on  the 
work  station  level.  It  is  e.g.  used  for  the  energy  scaling  of 
transfer  line  and  storage  ring  or  the  orthogonal  adjustment 
of  vertical  or  horizontal  tune  and  chromaticity. 


3  MACHINE  CONDITIONING 

3.1  Save /Restore 

For  literally  every  setpoint  there  is  a  global  and  persistent 
memory  field  available.  This  is  very  convenient  for  manual 
tuning  procedures.  With  mouse  clicks  one  can  save  the 
starting  point  or  the  local  optimum  and  return  to  this  point 
when  the  attempt  to  improve  does  not  promise  success. 

For  global  storing  and  reloading  of  relevant  machine  set¬ 
tings  a  tcl/Tk  program  overcomes  the  typical  problems  con¬ 
nected  with  the  classical  approach  to  dump  all  data  into  one 
file.  The  script  provides  a  very  transparent  framework  for 
handling  snapshot  file  catalogs,  data  aging  and  partial  recall. 
By  a  flexible  and  hierarchical  area  selection  mechanism  ar¬ 
bitrary  collection  of  devices  can  be  quickly  defined  in  both 
dimensions:  equipment  location  and  device  type.  The  cor¬ 
responding  setpoints  (and  readbacks)  can  be  stored  in  file 
sets,  that  are  completely  hidden  from  the  users.  Reference 
is  done  by  arbitrary  comments,  date  and  time  or  serial  num¬ 
ber.  Partial  or  subsequent  re-  or  overloading  is  feasible  by 
definition  of  sub-areas  or  by  specification  of  filter  functions. 

For  a  specified  device  collection  it  is  possible  to  compare 
(in  any  combination)  setpoint  and  readback  values  of  snap¬ 
shot  files  and  corresponding  values  actually  in  effect  for 
the  running  machine.  Differences  exceeding  a  configurable 
percentage  are  highlighted.  For  administration  purposes  the 
user  may  remove  files  (into  the  attic)  or  add  it  to  the  list  of 
favourite  files.  For  offline  analysis  the  export  options  ‘print 
out’,  ‘dump  to  file’  or  ‘send  email’  are  widely  used.  By  its 
structure  this  facility  is  easy  maintainable  and  adaptable.  It 
is  well  accepted,  robust  and  very  reliable. 


3.2  Cycling  Procedures 

Only  specific  devices  (e.g.  microtron  linac)  are  conditioned 
by  programs  running  on  the  IOC.  For  procedures  involving 
groups  of  devices  the  adaptation  of  an  appropriate  tool  [4] 
has  been  foreseen  but  had  to  be  postponed.  As  an  interim 
solution  a  tcl/Tk  script  has  been  set  up  for  the  cycling  of  the 
storage  ring  and  transfer  line  magnets.  Main  functionality 
of  the  script  is  to  call  the  database,  group  the  power  supplies, 
set  up  and  run  the  sequence.  This  quick  solution  encoun¬ 
tered  problems  trying  to  meet  unclear  given  specifications 
and  to  absorb  rapidly  changing  requirements.  The  initially 
insufficient  operational  safety  has  been  quickly  overcome, 
but  for  future  operations  it  will  be  replaced  and  embedded 
into  a  more  general  sequencer  facility. 


3.3  Alarms 

As  soon  as  new  devices  have  been  stable  and  continously 
available  they  have  been  included  into  the  alarm  handler 
configurations.  Major  or  minor  error  conditions  for  the 
areas  microtron,  transfer  lines,  booster,  storage  ring,  RF 
system  and  magnet  interlock  are  reported.  In  a  structured 
and  hierarchical  way  the  operator  is  guided  to  the  malfunc¬ 
tioning  device  and  provided  with  the  appropriate  control 
panel  needed  to  analyse  and  fix  the  problem.  For  fault  de¬ 
tection  it  increasingly  replaces  the  use  of  synoptic  views. 
For  further  analysis  received  alarms  are  logged  to  files. 

4  DATA  AQUISITION  AND  EVALUATION 

4.1  Measurements,  Analysis 

During  commissioning  systematic  measurements  are  a  dif¬ 
ficult  field  of  improvisation.  Both  machine,  control  system 
and  software  tools  are  not  yet  familiar.  Mostly  coarse  man¬ 
ual  scans  dominate.  Further  evaluation  of  data  is  done  with 
PC  standard  office  tools  or  dedicated  programs  that  are  us¬ 
able  only  by  the  author.  Occasionally  the  correlation  engine 
Xtract  [5]  has  been  used  for  scraper  measurements,  one  and 
two-dimensional  tune  scans  or  stepping  of  the  harmonic 
sextupoles  to  find  the  best  dynamic  aperture. 

Only  orbit  correlations  are  taken  systematically  and  a 
couple  of  standardized  analysis  programs  are  available. 
Routinely  corrector  response  matrices  are  measured  and 
postprocessed  offline  (e.g.  [6]).  In  the  beam  based  align¬ 
ment  set-up  an  additional  power  supply  is  switched  to  all 
quadrupoles  and  stepped  automatically  and  the  response 
matrices  are  used  to  determine  the  BPM  offsets[7]. 

4.2  Data  Logging 

With  respect  to  the  importance  of  an  archive  containing  all 
signals  suited  to  identify  unknown  sources  of  performance 
degradation  the  present  situation  is  a  minimum  effort  solu¬ 
tion.  Beam  current,  lifetime,  orbit,  vacuum,  power  supply 
stability  data  are  sampled  and  stored  in  binary  format.  Only 
for  orbit  data  and  correlated  signals  a  display,  retrieval  and 
correlation  browser  exists  that  is  configurable  with  a  graph¬ 
ical  user  interface.  Beam  intensity  and  vacuum  data  are 
converted  to  standardized  graphics  accessible  by  WEB  nav¬ 
igators.  Shortcoming  of  the  SDDS  based  data  collectors  are 
the  fixed  time  intervals  between  data  aquisition.  Frequently 
notification  on  data  change  is  appropriate.  The  continu¬ 
ously  increasing  demand  on  archived  signals  emphasizes 
the  embryonic  state  of  the  present  system  as  well  as  the 
need  for  a  major  development  effort. 

5  ACCELERATOR  PHYSICS 

5.1  Orbit 

Data  aquisition,  display  and  control  of  the  orbit  in  all  seg¬ 
ments  of  the  accelerator  complex,  i.e.  transfer  lines,  syn¬ 
chrotron  (S  Y)  and  storage  ring  (SR)  is  handled  by  a  generic, 
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event  driven  program  called  Orbit.  It  features  a  ‘All-in- 
One’  graphical  user  interface  consisting  of  a  main  program 
control  panel,  a  context  sensitive  BPM  data  display  and  a 
context  sensitive  corrector  control  panel. 

The  main  panel  is  for  display  of  statistical  summary,  set¬ 
up  of  the  fundamental  orbit  control  types,  selection  of  basic 
measurement  modes,  configuration  of  data  I/O,  modifica¬ 
tion  of  BPM  system  operation  parameters  and  display  of 
program  informations,  warnings  and  error  reports. 

BPM  data  are  displayed  as  high  precision  averaged  closed 
orbit,  specific  turn  number  of  single  turn  data  (SR),  orbit 
at  a  specific  energy  during  the  ramping  cycle  (SY)  -  both 
absolute  and  as  difference  to  an  arbitrary  reference  orbit. 
For  each  individual  BPM  stability  of  displacement,  inten¬ 
sity,  averaging  quality  is  recorded  and  statistically  anal¬ 
ysed.  Additionally  tum-by-tum  changes  (SR)  or  energy 
dependencies  (SY)  at  a  selectable  BPM  can  be  displayed. 
BPM  data  may  be  logged  to  files  together  with  arbitrary 
correlation  channels. 

One  fundamental  orbit  control  mode  are  closed  bumps. 
Required  bumps  may  be  choosen  from  a  list  (e.g.  center  of 
insertion  device,  achromat)  or  freely  configurable  with  ar¬ 
bitrary  target  position  and  corrector  combination.  Accord¬ 
ing  to  requested  amplitude  and  angle  bumps  are  calculated 
with  the  embedded  online-model  according  to  the  actual 
set  points  of  the  accelerator.  The  bump  predictions  are  re¬ 
liable  on  the  percent  level.  A  systematic  bump  scan  during 
start  up  of  the  storage  ring  helped  to  pinpoint  destructive 
aperture  limitations  within  one  meter[8]. 

Global  orbit  correction  to  an  arbitrary  reference  orbit 
is  the  other  control  mode.  Standard  correction  method  is 
based  on  Singular  Value  Decomposition  (SVD).  For  fault 
analysis  the  most  effective  corrector  method  is  available 
too.  Calculated  model  values  or  experimental  results  sup¬ 
ply  response  matrices.  On  faulty  BPM  reading  or  corrector 
status  change  the  elements  are  automatically  removed  from 
the  correction  scheme  until  they  are  available  again.  The 
operator  may  manually  exclude  or  reenable  BPMs  or  cor¬ 
rectors  with  a  mouse  click.  The  reference  orbit  may  be 
choosen  from  beam  based  alignment  data  (optimized)  and 
the  logging  archive  (comparison).  It  can  be  modified  with 
mouse  drags  (bumps). 

Two  automatic  correction  schemes  are  presently  under 
study:  (1)  a  mixture  of  fixed  frequency  (e.g.  0.1  Hz)  and 
a  deviation  threshold  (e.g.  two  times  the  noise)  (2)  a  PID 
type  regulator.  Both  methods  converge  relatively  fast  and 
keep  the  RMS  orbit  deviations  stable  at  the  optimal  value 
but  the  minimal  invasive  method  with  optimal  reduction  of 
residual  noise  is  not  yet  identified. 

The  program  is  an  accurate  working  horse.  Its  basic  func¬ 
tionality  has  been  set  up  and  consolidated  for  the  booster. 
As  a  consequence  it  worked  reliable  at  start-up  of  the  stor¬ 
age  ring.  Without  modification  the  embedded  online  model 
allowed  to  correct  the  orbit  at  all  presently  established  en¬ 
ergies  (0.9, 1.7  and  1.9  [GeV])  with  comparable  precision. 


5.2  Optics 

A  generic  online  model  program  called  Optics  helps  to  un¬ 
derstand  certain  tunings  of  any  segment  of  the  accelerator 
complex  (transfer  lines,  SY,  SR).  Interface  to  the  real  ac¬ 
celerator  is  the  capability  to  load  and  save  snapshot  files 
and  to  read  and  modify  power  supply  setpoints.  The  pro¬ 
gram  displays  beta  function,  trajectory  and  dispersion.  It 
calculates  the  spot  size  and  position  on  an  intercepting  fluo¬ 
rescent  screen.  To  allow  studies  of  dependencies  on  param¬ 
eter  variation  input  controllers  for  power  supply  (family) 
setpoints,  beamline  matching  conditions  and  extraction  / 
injection  bump  parameters  are  available.  The  influence 
of  fundamental  model  approximations  can  be  compared: 
standard  hard  edge  magnets,  current  dependant  conversion 
factors  or  saturation  induced  variable  magnetic  length.  For 
the  rings  fitting  procedures  for  requested  fractional  tune  or 
chromaticity  are  available.  Tune  adjusting  quadruples  can 
be  restricted  to  selectable  families. 

The  program  is  frequently  very  useful.  Precision  is  ap¬ 
proaching  reality.  Since  there  is  no  online  data  source  for 
tune  and  chromaticity  available  yet  and  there  has  not  been 
a  commitment  for  a  serious  and  systematic  testing  so  far 
Optics  has  still  the  quality  of  a  beta  release. 

6  EXPERIENCES,  SUMMARY 

The  mature  EPICS  toolkit  provided  the  framework  for  a 
powerful  basic  operational  set.  Within  the  BESSY  software 
context  generic  applications  have  been  built  that  evolved 
‘downsteam’  with  the  installation  process.  For  the  com¬ 
missioning  an  adequate  set  of  easy  to  use  and  reliable  oper¬ 
ations  program  has  been  available.  The  software  system  is 
transparent  and  robust.  It  could  mostly  adopt  requests  for 
changes  without  noticible  delays  or  inconsistencies.  Fre¬ 
quently  new  functionalities  have  been  anticipated  and  in¬ 
stalled  when  the  existing  features  began  to  be  appreciated. 
A  number  of  additional  tools  are  ready  to  be  set  up  for  var¬ 
ious  tasks.  They  lie  idle  because  utilization  would  require 
a  certain  user  programming  capability  and  effort. 
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Abstract 

An  outline  design  is  presented  for  a  SR-source  providing 
high  brilliance  VUV/soft  X-Rays  and  high  flux  hard  X- 
rays  based  on  existing  hardware  of  the  BESSY  I  storage 
ring,  which  will  be  shut  down  by  die  end  of  1999.  Essen¬ 
tial  features  are  a  6-cell  double  bend  achromat  lattice,  with 
low  beta  in  three  of  the  6  long  straight  sections  to  facili¬ 
tate  the  use  of  superconducting  multipole  wigglers.  Beam 
optical  implications  are  discussed  together  with  technical 
modifications  of  existing  hardware  and  possible  operation 
at  1.0  GeV,  A  design  of  a  7.5  T  multipole  wiggler  is  given. 

1  INTRODUCTION 

The  second  generation  SR-source  BESSY  I  in  Berlin, 
which  consists  of  an  800  MeV  storage  ring  [1]  with  a  full 
energy  injector  synchrotron  [2],  has  been  used  over  the  last 
18  years  for  a  large  scientific  program  in  the  VUV/soft  X- 
ray  range.  The  recent  start  of  user  operation  of  the  third 
generation  ring  BESSY  n  makes  it  necessary  to  close  down 
BESSY  I  by  the  end  of  1999.  Based  on  die  available  hard¬ 
ware  an  outline  design  is  presented  for  a  SR-source  provid¬ 
ing  high  brilliance  VUV/soft  X-rays  as  well  as  high  flux 
hard  X-rays  from  insertion  devices  [3].  Hie  increasing  de¬ 
mand  of  hard  X-rays  for  structural  analysis,  protein  crystal¬ 
lography,  environmental  research  and  many  other  activities 
has  motivated  die  present  ring  concept,  which  would  allow 
to  rejuvenate  the  old  BESSY  I  ring  making  use  of  a  large 
part  of  the  subsystems  and  hardware  components  for  a  ver¬ 
satile  SR-source  covering  the  energy  range  from  10  eV  to 
about  20  keV. 

There  are  two  essential  modificadons  of  the  BESSY  I 
ring  which  will  allow  to  achieve  this  important  spectral  ex¬ 
tension:  the  installadon  of  superconducting  7.5  T  multipole 
wigglers  and  an  upgrade  of  the  beam  energy  to  1.0  GeV. 

High  field  multipole  wigglers  are  best  arranged  at  places 
of  low  beta  function  values  in  both  planes.  This  will  pro¬ 
vide  for  higher  flux  density  of  the  photon  beams,  while  at 
the  same  time  keeping  the  undesirable  linear  and  nonlinear 
focusing  effects  of  the  wiggler  small.  Further  increase  in 
photon  energy  is  achieved  by  modifying  the  bending  mag¬ 
nets  to  permit  1.0  GeV  operation. 

Changing  the  original  lattice  of  BESSY  I  with  4  straight 
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senschaft,  Forschung  und  Technologie  and  by  the  Land  Berlin  and  the 
US  Department  of  Energy. 
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Figure  1 :  Accelerator  and  storage  ring  lay  out. 

sections  of  intermediate  length  (3.6  m)  to  one  of  6  straight 
sections,  each  6  m  long,  the  facility  can  provide  up  to  20 
dipole  beamlines  with  a  critical  photon  energy  of  ec  = 
1.25  keV,  two  straight  sections  for  the  installation  of  7.5  T 
multipole  wigglers  (ec  =  5.0  keV)  with  up  to  three  beam¬ 
lines  per  wiggler  offering  a  flux  in  excess  of  4  •  1013  at 
12  keV  and  two  straight  sections  of  undulators  to  provide 
high  brilliance  photon  beams  in  the  energy  range  from  a 
few  tens  of  eV  to  2  keV.  The  resulting  increase  of  storage 
ring  circumference  from  62.4  m  to  100.8  m  creates  enough 
space  at  the  inside  of  the  ring  to  accommodate  the  injec¬ 
tor  synchrotron  and  the  microtron  preaccelerator.  Figure  1 
shows  a  foot  print  of  the  new  storage  ring  lay-out. 

2  THE  OPTICAL  LATTICE 

The  new  optics  is  based  on  a  6  cell  double  bend  achromat 
lattice  with  alternating  high  and  low  beta  functions  in  the 
straights.  For  flexible  matching  of  the  straight  sections  a 
symmetric  doublet  structure  is  used  in  the  high  /3  straights, 
and  a  symmetric  quadruplet  structure  in  the  low  /?  sections, 
giving  a  total  of  19  quadrupole  families.  The  lattice  func¬ 
tions  of  the  unperturbed  optics  (no  wigglers  or  undulators) 
are  shown  in  Fig.  2  and  the  essential  optical  parameters 
are  listed  in  Tab.  1.  In  the  wiggler  section  a  low  vertical 
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Figure  2:  Optical  functions  of  the  unperturbed  lattice  for 
one  sixth  of  the  ring. 

beta  function  is  required  to  reduce  the  linear  and  nonlin¬ 
ear  focusing  effects  of  the  wiggler.  The  simulation  of  the 
wiggler  related  effects  are  based  on  the  assumption  that 
there  are  only  longitudinal  and  vertical  field  components, 
and  no  focusing  or  defocusing  terms  influencing  the  hori¬ 
zontal  beam  motion.  The  vertical  beta  function  should  not 


Table  1 :  Storage  ring  parameters 


electron  energy 

1.0  GeV 

beam  current 

700  mA 

circumference 

100.8  m 

periodicity 

2-3 

working  point  Qx/Qy 

5.2/3. 2 

nat.  chromaticity  (,x/\y 

-8.1/ -7.2 

momentum  compaction  factor  a 

0.005 

free  space  in  high  ft  straight 

6  m 

free  space  in  low  f3  straight 

2.5  m 

beta  functions  at  the  center  of: 

high  /3-straight  / 3X/PV 

13  m/4.5  m 

low  P  straight  flx/fiy 

4  m/0.5  m 

max.  beta  function  fix/  ft y 

14.5  m/19.5  m 

max.  dispersion  p 

1.4  m 

differ  too  much  from  the  rms  bending  radius  (p  =  0.63  m 
at  1.0  GeV)  of  the  electrons  in  the  wiggler  field.  Track¬ 
ing  calculations  indicated  that  there  is  a  broad  optimum 
for  the  dynamic  aperture  around  f}y  «  0.5  m.  To  get  a 
high  photon  flux  density  from  the  wiggler  beamlines  the 
horizontal  beta  function  in  the  wiggler  section  should  be 
also  small.  From  beam  optical  considerations  a  horizon¬ 
tal  tune  of  Qx  =  5.2  was  chosen  which  gives  a  good  be¬ 
haviour  of  the  optics  together  with  a  horizontal  beta  func¬ 
tion  of  /3X  «  4  m.  The  dynamic  aperture  of  the  bare  lattice 
(Fig.  3)  shows  very  good  results,  harmonic  sextupoles  are 
not  required.  The  calculation  is  based  on  1000  stable  par¬ 
ticle  turns  with  small  field  and  alignment  errors  assumed 
for  the  magnets,  leading  to  rms  closed  orbit  errors  of  about 


x  /  cm 


Figure  3:  Dynamical  and  geometrical  aperture  in  the  mid¬ 
dle  of  the  high  /3  straight  section  for  Ap/p  =  0,  ±2%. 

1  mm.  The  lattice  has  a  large  chromatic  acceptance  which 
is  required  for  a  good  Touschek  lifetime.  The  nonlinear 
chromatic  tuneshift  is  smaller  than  0.06  in  the  range  of 
—  1.5%  <  Ap/p  <  +1.5%,  if  the  chromaticity  is  adjusted 
to  AQ/Ap/po  =  +1  in  both  planes.  The  dynamic  aper¬ 
ture  including  two  superconducting  wigglers  and  two  U49 
undulators  is  shown  in  Fig.  3.  Here  the  wigglers  have  been 
modeled  by  a  2-D  scalar  potential  function  starting  from 
the  wiggler  field  By(s).  As  expected,  the  dynamic  aper¬ 
ture  is  significantly  reduced  due  to  the  nonlinearities  of  the 
insertion  devices.  With  ±30  mm  horizontally  and  ±15  mm 
vertically  the  dynamic  aperture,  however,  is  still  comfort¬ 
ably  large  to  guarantee  stable  beam  operation. 

The  two  7.5  T  wigglers  enhance  the  radiation  damping 
strongly  and  consequently  reduce  the  equilibrium  emit- 
tance  significantly,  a  welcome  feature  of  this  source  con¬ 
cept.  A  comparison  of  the  transverse  emittances,  energy 
spread,  energy  loss  per  turn  and  related  damping  times  for 
the  bare  lattice  and  with  one  to  two  wigglers  are  summa¬ 
rized  in  Tab.  2. 


Table  2:  7.5  T  Wiggler  dependent  damping  effects 


bare  lattice  and  N  wigglers 

N=0 

N=1 

N=2 

nat.  emittance  e„  in  10-y  radm 

115 

70 

50 

nat.  energy  width  ae/E0  in  10~4 

6.5 

8.0 

9.0 

damping  times  rx  =  tv/ts  in  ms 

14/7 

8/4 

6/3 

energy  loss  per  turn  in  keV 

50 

85 

120 

3  BEAM  LIFETIME 

To  estimate  the  lifetime  at  1.0  GeV  for  beam  currents 
up  to  700  mA  gas  scattering  (elastic  Coulomb  and  in¬ 
elastic  Bremsstrahlung  scattering)  and  Touschek  scatter¬ 
ing  has  been  considered.  With  a  vertical  acceptance  of 
Ay  =  11.6  mm  mrad  limited  in  the  dipoles,  a  mean  ver¬ 
tical  beta  function  <  (3y  >=  12.4  m,  a  base  pressure  of 
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p0  =  1  •  10-9  mbar  assuming  a  nitrogen  (N2)-equi valent 
gas  distribution  and  a  pressure  rise  of  1.4  •  10-1°  mbar 
per  100  mA  of  stored  current,  a  total  gas  scattering  life¬ 
time  of  8.7  h  can  be  expected.  The  Touschek  effect  de¬ 
pends  sensitively  on  the  bunch  volume,  on  the  number  of 
electrons  per  bunch  and  on  the  energy  acceptance.  Tak¬ 
ing  turbulent  bunch  lengthening  with  a  longitudinal  broad¬ 
band  impedance  \Z/n\  of  3  Cl  and  an  energy  acceptance 
of  A E/E  =  1.3%  into  account  for  a  bunch  filling  pattern 
where  only  2/3  of  the  168  rf-buckets  are  filled  the  Tou¬ 
schek  lifetime  is  8.4  h.  As  a  result  a  total  beam  lifetime  of 
about  4.2  h  can  be  expected  for  a  stored  current  of  700  mA. 


4  THE  7.5  T  MULTIPOLE  WIGGLER 

The  wigglers  are  based  on  the  following  concept  [4]:  A  one 
meter  long  iron  yoke  has  15  poles  (including  2  half  poles  at 
the  ends)  with  a  period  length  of  14  cm  and  a  magnetic  gap 
of  20  mm.  Each  pole  is  excited  by  a  racetrack  shaped  coil 
made  from  a  suitable  multifilament  NbTi  wire  in  a  rectan¬ 
gular  copper  matrix.  The  coils  have  two  separate  windings 
to  optimize  the  current  with  respect  to  the  different  critical 
field  at  the  windings.  Fig.  4  presents  a  vertical  cut  through 
the  iron  yoke  showing  the  beam  chamber  with  a  14  mm  ver¬ 
tical  aperture  and  the  clamps  for  prestressing  of  the  whole 
structure,  and  a  horizontal  cut  showing  the  iron  poles  and 
the  racetrack  coils.  The  complete  magnet  assembly  includ¬ 
ing  the  beam  chamber  is  immersed  in  a  liquid  He  bath. 


Figure  4:  Vertical  (top)  and  horizontal  (bottom)  cut  through 
(a  part  of)  the  wiggler  magnet. 


5  HARDWARE  MODIFICATIONS 

Dipole  magnets:  To  increase  the  energy  from  800  MeV  to 
1.0  GeV,  the  dipole  field  must  be  increased  from  1.5  T  to 
1.875  T.  Reduction  of  the  magnetic  gap  from  60  mm  to 
44  mm  and  narrowing  the  width  of  the  pole  from  190  mm 
to  90  mm  allows  to  reach  this  relatively  high  field  keep¬ 
ing  the  magnetic  induction  in  the  yoke  at  a  tolerable  level. 
Field  calculations  (2-D)  indicate  that  after  optimization  of 
the  pole  profile  the  field  homogeneity  is  better  than  5  ■  10“4 
within  ±15  mm  horizontally.  The  dominant  multipole  is  a 
sextupole  which  can  be  compensated  in  part  by  the  chro¬ 
matic  sextupoles. 

Vacuum  system:  A  copper  (CuSn2)  vacuum  chamber 
based  on  technology  developed  at  DESY  for  HERA  and 
DORIS  is  proposed  which  offers  significant  advantage  in 
handling  high  radiation  power  densities.  The  dipole  cham¬ 
ber  can  be  fabricated  by  milling  and  vacuum  brazing.  Wa¬ 
ter  cooling  channels  are  brazed  at  the  outside  which  can 
also  be  used  for  in-situ  baking  at  temperatures  up  to  150°C 
by  applying  hot  water  at  a  pressure  of  4.8  bar.  A  total  of 
48  ion  getter  pumps  (70  1/s)  supplemented  by  Ti  sublima¬ 
tion  pumps  will  be  used  to  obtain  a  working  pressure  of 
1  ■  10-9  mbar. 

Injection  system:  The  new  topology  with  the  synchrotron 
inside  the  storage  ring  favours  horizontal  injection,  and 
with  the  straight  section  length  of  6  m  there  is  sufficient 
space  available  to  place  4  kickers  and  a  septum  magnet  in 
one  high  /3  straight.  With  a  max.  strength  of  8  mrad  a  local 
injection  bump  can  be  produced  with  a  horizontal  ampli¬ 
tude  of  20  mm.  A  new  transfer  line  must  be  built  for  beam 
transport  from  the  synchrotron  to  the  injection  septum. 

RF-system:  Thanks  to  the  higher  beam  energy  and  the 
two  wigglers  the  radiated  power  is  significantly  enhanced 
as  compared  to  BESSY  I.  For  a  beam  current  of  700  mA  the 
power  radiated  in  the  dipoles  and  in  the  wigglers  is  34.8  kW 
and  48.8  kW  respectively.  A  minimum  cavity  voltage  of 
300  kV  must  be  provided  for  a  1.3%  energy  acceptance, 
giving  a  Touschek  lifetime  of  8  h.  With  a  second  DORIS- 
type  cavity  and  two  70  kW  rf-transmitters  these  conditions 
can  be  satisfied. 

Beside  the  above  modifications  it  is  clear  that  after  nearly 
20  years  of  continuous  operation  some  critical  components 
and  subsystems  have  to  be  replaced  or  refurbished.  This  is 
particularly  true  for  the  control  system,  the  orbit  measure¬ 
ment  system  and  some  of  the  power  supplies. 
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Abstract 

The  Electron  and  Optical  Physics  Division  of  the  Physics 
Laboratory  has  operated  the  Synchrotron  Ultraviolet 
Radiation  Facility  (SURF)  at  the  National  Institute  of 
Standards  and  Technology  (NIST)  for  over  30  years. 
Initially  operated  in  a  parasitic  mode  at  the  NIST  electron 
synchrotron,  the  facility,  was  converted  into  the  SURF  II 
electron  storage  ring  in  1974.  Since  then,  SURF  II  has 
been  the  United  States  national  standard  of  irradiance  in 
the  vacuum  ultraviolet  spectral  region,  but  the  radiometric 
accuracy  of  SURF  II  was  limited  by  the  uniformity  of  the 
magnetic  field  encountered  by  electrons  as  they  traversed 
their  orbit.  Variations  of  up  to  0.5%  limited  the 
knowledge  of  the  local  bending  radius  at  any  tangent  point 
and  restricted  the  accuracy  of  the  irradiance  calculations. 
To  improve  the  radiometric  accuracy  of  SURF,  an  entirely 
new  magnet  structure  was  installed  in  the  summer  of 
1998.  The  azimuthal  uniformity  of  the  SURF  III  magnetic 
field  has  been  improved  by  a  factor  of  50  at  388  MeV  and 
a  factor  of  25  at  260  MeV,  allowing  irradiance 
calculations  to  be  made  with  much  higher  accuracy  than 
SURF  II  could  achieve.  As  an  additional  benefit,  the  use 
of  improved  magnet  material,  a  smaller  air  gap  between 
the  poles,  and  new  magnet  windings  has  increased  the 
magnetic  field  strength  at  the  electron  orbit,  allowing 
SURF  III  to  store  electrons  at  energies  as  high  as 
400  MeV,  compared  to  300  MeV  for  SURF  II.  The 
higher  electron  energy  will  extend  the  usable  range  of 
radiation  from  SURF  to  shorter  wavelengths,  enabling 
experiments  in  the  “water  window”  from  2.3  nm  to 
4.4  nm.  We  present  here  the  major  design  goals  and 
features  of  the  SURF  III  magnet,  the  results  of  magnet 
field  mapping  and  other  measurements,  and  the  facility 
performance  to  date. 

1  BACKGROUND 

The  NIST  Synchrotron  Ultraviolet  Radiation  Facility 
(SURF)  began  as  an  electron  synchrotron  operating  at 
180  MeV  in  1961.  In  1962  the  synchrotron  was  modified 
to  study  properties  of  the  synchrotron  radiation  continuum 
and  construction  was  begun  on  instrumentation  for  optical 
experiments  using  this  radiation.  The  advantages  of  an 
electron  storage  ring  design  for  spectroscopy  and 
radiometry  led  to  the  conversion  to  the  SURF  II  electron 
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storage  ring  in  1974  [1],  SURF  II  operated  from  1974  to 
1997  over  an  energy  range  from  140  MeV  to  300  MeV 
with  stored  beam  currents  as  high  as  390  mA.  Most  of  the 
magnet  structure  was  not  modified  for  the  conversion  to  a 
storage  ring.  The  upper  and  lower  yokes,  backlegs,  and 
upper  and  lower  poles  remained  the  original  laminated 
steel  used  for  the  synchrotron.  A  laminated  design  limited 
eddy  current  effects  in  the  synchrotron  electromagnet 
operating  at  60  Hz.  In  order  to  achieve  suitable  operating 
characteristics  of  the  magnetic  field  for  a  storage  ring,  five 
correction  coils  and  new  main  coils  were  designed  and 
manufactured  by  the  University  of  Wisconsin  for  the 
SURF  II  configuration.  Despite  limitations  in  the  laminar 
design,  careful  assembly  of  the  electromagnet,  alignment 
of  the  poles,  and  accurate  measurement  of  the  appropriate 
parameters  resulted  in  SURF  II  becoming  a  primary 
standard  source  of  irradiance  in  the  UV  and  VUV. 
Ultimately  the  relative  uncertainties  in  irradiance  at 
284  MeV  (combined  standard  uncertainties  with  a 
coverage  factor  of  two)  ranged  from  ±9.0%  at  4  nm  to 
±0.8%  at  400  nm. 

2  A  NEW  DESIGN 

With  an  eye  towards  expanding  the  role  of  SURF  in 
national  radiometric  standards,  personnel  at  the  University 
of  Wisconsin-Madison  (UW-Madison)  Physical  Sciences 
Laboratory  (PSL)  and  Synchrotron  Radiation  Center 
(SRC)  were  approached  to  design  a  new  electromagnet. 
Using  POISSON  and  ANSYS  programming  codes,  the 
UW-Madison  designers,  based  on  information  gathered 
from  modeling  the  old  electromagnet,  developed  a  new 
design  using  modern  solid  1008  magnet  steel.  It  was 
decided  to  use  solid  1008  steel  for  the  entire  magnet 
structure  to  take  advantage  of  its  higher  saturation  level 
compared  to  the  old  steel  and  to  increase  the  density  of 
steel  by  filling  in  the  gaps  of  the  laminated  structure. 
With  these  changes  and  a  smaller  pole  gap,  operation  at  an 
energy  near  400  MeV  would  become  a  possibility. 
Because  of  concerns  about  eddy  current  creation  in  the 
poles  during  rapid  ramping  of  the  magnetic  field  from 
injection  field  to  operating  field,  it  was  decided  to  make 
each  pole  in  two  C-shaped  segments.  The  poles  were  then 
assembled  onto  a  backing  plate  with  a  76  pm  thick  mylar 
shim  between  the  two  segments.  The  general  layout  of  the 
magnet  steel  is  shown  in  Figure  1  which  shows  a  N-S 
cross  section  through  the  magnet. 

There  are  five  blocks  comprising  each  of  the  upper  and 
lower  yokes  that  are  held  together  with  four  horizontal  tie 
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rods.  These  blocks,  each  weighing  about  134  kN  (15  ton), 
were  aligned  using  leveling  jacks  to  within  25  pm  of  each 
other. 


Figure  1:  Cross-sectional  view  of  SURF  III  magnet  steel 
including  upper  and  lower  poles. 


At  the  factory,  the  entire  steel  structure  was  assembled, 
precision  holes  were  drilled  between  blocks,  and  then 
locating  pins  were  inserted.  The  structure  was  then 
disassembled  for  shipping.  The  cylindrical  hardened  steel 
locating  pins  were  manufactured  to  a  tolerance  of  2.5  pm 
and -used  to  reassemble  the  structure  with  the  proper 
alignment.  Once  the  lower  yoke  was  assembled  on  the 
leveling  jacks,  the  assembly  was  lifted  into  place  on  a 
support  structure  so  that  its  geometric  center  was  the  same 
as  that  of  the  lower  magnetic  pole  of  SURF  II  to  within 
0.25  mm.  At  the  factory  two  blocks  were  welded  together 
to  form  a  backleg  weighing  about  128  kN  (14.4  ton).  The 
two  backlegs  were  placed  on  top  of  the  lower  yoke  again 
with  the  aid  of  locating  pins.  The  lower  pole  was  then 
placed  on  the  lower  yoke  and  centered.  A  dial  indicator 
was  attached  to  an  arm  bolted  to  an  air  bearing  rotary 
table  to  measure  the  alignment  of  the  poles.  Each  pole  has 
precision  horizontal  and  vertical  fiducial  surfaces 
machined  near  its  perimeter.  By  mapping  the  dial 
indicator  readings  of  these  surfaces,  the  level  and 
centering  of  the  poles  could  be  determined.  Sample 
centering  and  level  maps  for  the  lower  pole  are  shown  in 
Figure  2. 

A  set  of  10  pie-shaped  azimuthally  equidistant  spacers 
were  attached  to  each  pole  backing  plate  to  provide  about 
7.4  mm  of  gap  between  each  backing  plate  and  its  yoke. 
In  between  each  pair  of  spacers  a  pie-shaped  shim  carrier 
was  inserted  capable  of  carrying  shims  up  to  0.5  mm 
thick.  These  shims  were  used  to  make  small  adjustments 
to  the  azimuthal  uniformity  of  the  magnetic  field.  Once 
the  upper  pole  was  mounted  to  the  upper  yoke  we  were 
able  to  measure  the  gap  between  the  poles  directly  with  an 
inside  micrometer.  After  initial  measurements  revealed 
the  poles  were  slightly  nonparallel,  the  pole  gap  was 
adjusted  by  adding  shims  between  the  tops  of  the  backlegs 
and  the  upper  yoke.  The  resulting  map  of  the  pole  gap 
measured  between  upper  and  lower  horizontal  fiducial 
surfaces  is  shown  in  Figure  3.  After  the  poles  were 
aligned,  new  main  coils  were  mounted  and  centered  on  the 


poles.  A  pair  of  upper  and  lower  trim  coils  were  included 
in  the  design  to  allow  for  adjustment  of  the  radial  field 
index,  defined  as: 

_  r  dB 
B  dr 

Where  r  is  the  radius  and  B  is  the  magnetic  flux  density. 
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Location 

Figure  2:  Centering  (solid  line  with  solid  circles)  and  level 
(dashed  line  with  open  circles)  of  the  lower  pole.  The 
points  are  deviations  from  the  average  of  10 
measurements  of  the  vertical  (for  centering)  and 
horizontal  (for  level)  fiducial  surfaces  at  approximately 
36°  intervals,  location  3  being  due  south.  The  lines  show 
fits  to  the  equation: 

y  =  Acos[36(jc-#)] 

Where  A  is  the  amplitude  of  the  cosine  wave  and  0  is  the 
phase,  their  respective  values  being  14.2  pm  and  9.0  for 
centering  and  31 .4  pm  and  9.0  for  level. 
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Location 

Figure  3:  Parallelism  of  the  upper  and  lower  poles  as 
measured  by  the  distance  between  upper  and  lower 
horizontal  fiducial  surfaces.  The  coefficients  of  the  cosine 
curve  fit  are  3.2  pm  and  6.9.  (See  Fig.  2) 
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To  operate  in  the  storage  ring  mode,  the  index  is  required 
to  be  less  than  0.75.  The  new  magnet  was  designed  to 
have  an  index  of  0.6  to  avoid  resonant  coupling  of  the 
horizontal  and  vertical  betatron  tunes  at  values  of  0.56  and 
0.64.  Also  an  index  near  0.6  provides  a  reasonable 
balance  between  radial  and  longitudinal  damping  of  the 
electron  beam.  The  trim  coils  were  included  to  provide 
for  small  adjustments  of  the  index  during  ramping  to  final 
energy  and  possibly  at  the  highest  energies  where  the 
index  was  expected  to  have  a  significant  radial  gradient. 
During  operation  of  the  storage  ring  for  radiometric 
experiments  the  trim  coils  would  be  disconnected. 

The  new  design  also  included  some  modifications  to  the 
storage  ring  vacuum  chamber.  Two  new  ports  were  added 
to  accommodate  new  beamlines  that  pass  through  holes 
cut  through  the  backleg  steel.  One  magnetic  field  probe 
port  was  added,  and  two  older  ports  were  modified  to 
accommodate  magnetic  field  probes  at  approximately 
120°  intervals  around  the  orbit. 

3  MAGNETIC  FIELD  MEASUREMENTS 

In  order  to  measure  the  ability  of  the  new  electromagnet  to 
provide  a  perfect  circular  orbit  and  the  appropriate  index 
profile,  a  large  number  of  magnetic  field  maps  were 
obtained.  UW-Madison  provided  us  with  a  computer- 
driven  precision  field  mapping  system  capable  of 
measuring  field  variations  of  about  0.003%.  Magnetic 
field  probes  were  constrained  to  move  in  measurable 
independent  azimuthal  and  radial  increments  relative  to 
the  fiducial  surfaces.  Also,  the  probes  were  set  to  move  in 
the  midplane  between  the  poles.  The  absolute  accuracy  of 
the  knowledge  of  probe  positions  was  approximately 
0.2  mm. 

Azimuthal  field  maps  were  obtained  at  the  orbital 
radius  over  a  range  of  main  coil  currents  from  18.5  A  to 
900  A,  corresponding  to  magnetic  flux  densities  of  0.04  T 
to  1.66  T  and  equivalent  to  electron  energies  from 
lOMeV  to  417  MeV.  After  optimizing  the  configuration 
of  the  shims  in  the  shim  carriers  and  adding  poleface 
shims  at  the  joints  between  the  pole  segments,  the 
azimuthal  field  maps  showed  variations  no  greater  than 
±0.03%  from  equivalent  energies  of  52  MeV  to  417  MeV. 
Figure  4  shows  the  results  of  shim  optimization  with 
700  A  in  the  main  coils.  Figure  5  shows  a  comparison  of 
the  azimuthal  field  uniformity  for  SURF  II  at  its  nominal 
operating  energy  of  284  MeV  with  SURF  III  at  its  initial 
expected  operating  energy  of  331  MeV.  The  average 
maximum  deviation  for  SURF  II  was  ±0.686%  whereas 
for  SURF  III  it  is  ±0.014%.  We  expect  to  realize  a 
magnetic  field  uncertainty  of  ±0.05%  at  the  331  MeV 
initial  operating  energy.  The  contribution  of  this 
component  to  the  total  uncertainty  in  irradiance  at  a 
wavelength  of  4  nm  would  be  ±0.4%  as  compared  to 
±9.0%  for  the  contribution  from  the  ±0.6%  uncertainty  of 
SURF  II. 


Figure  4:  Results  of  shim  optimization  on  magnetic  field 
azimuthal  uniformity  at  700  A  (equivalent  to  352  MeV). 
The  dotted  line  shows  normalized  field  measurements 
with  identical  shims  in  the  twenty  shim  carriers  and  no 
poleface  shims.  The  solid  line  displays  measurements 
after  adjusting  the  shim  configuration  and  installing 
poleface  shims. 
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Figure  5:  Comparison  of  azimuthal  field  maps  of  SURF  II 
at  284  MeV  operating  energy  (dotted  line)  and  SURF  III 
at  initial  33 1  MeV  operating  energy  (solid  line). 
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Abstract 

Recent  improvements  in  beam  position  stability 
at  Aladdin,  the  1  GeV  electron  storage  ring  at  the 
Synchrotron  Radiation  Center,  are  reported.  Stabilizing 
the  beam  position  monitors  (BPM’s),  in  conjunction  with 
the  use  of  a  global  feedback  system,  keeps  the  beam 
position  within  ±3  pm  of  its  starting  value  during  a  user 
fill.  Relocation  of  transformers  and  the  dipole  power 
supply  choke  have  made  substantial  reductions  in  the 
60  and  720  Hz  motions  of  the  electron  beam,  allowing  a 
broader  scope  to  the  infrared  experimental  program. 
Work  on  stabilizing  the  synchrotron  radiation  source 
characteristics  under  various  operating  conditions  is 
presented.  Studies  of  weak  resonances  near  the  standard 
operating  tune  are  leading  to  the  use  of  closed  loop  tune 
control  to  maintain  beam  size  stability.  Lattice  corrections 
employed  during  the  scanning  of  undulators  keep  the 
source  sizes  fixed  down  to  the  2%  level.  Future  plans  for 
improved  optical  beam  position  and  size  monitors, 
renovation  of  the  BPM  electronics,  implementation  of  a 
hydrostatic  leveling  system,  and  temperature  monitoring 
of  the  ring  components  is  also  presented. 

1  INTRODUCTION 

Aladdin  is  a  1  GeV  electron  storage  ring  dedicated  to 
synchrotron  radiation.  The  University  of  Wisconsin, 
Madison,  operates  it  under  contract  to  the  National 
Science  Foundation.  It  has  been  in  operation  since  1985, 
and,  in  many  respects,  it  performs  at  the  level  of  third 
generation  synchrotron  radiation  sources. 

The  ring-operating  schedule  has  been  unchanged  for 
several  years  now  [1,2].  Regular  operation  is  20  hours 
per  day,  5  days  per  week,  with  the  additional  possibility 
of  4  hours  of  user  beam  every  weekday  morning  or  full 
day  operation  on  weekends. 

While  Aladdin  is  a  1  GeV  storage  ring,  most  of  the 
operating  time  for  user  beams  is  at  800  MeV,  starting  out 
at  about  250  mA  and  has  a  current-lifetime  product  of 
about  950  mA  h.  Typical  measured  source  sizes  from  the 
bending  magnets  are  ox  =  450  pm,  and  oy  =  85  pm, 
whereas  calculated  source  sizes  in  the  middle  of  long 
straight  sections  (undulator  source  points)  are 
ox  =  814  pm,  and  oy  =  72  pm. 


2  POSITION  STABILITY 

2.1  General 

Several  improvements  in  the  structure  of  the 
vacuum  chamber  have  been  made  over  the  last  few  years. 
New  stripline  pairs,  used  as  beam  position  monitors 
(BPM’s),  have  been  installed  in  the  whole  ring,  except  for 
one  final  long  straight  section.  The  new  monitors  are 
thicker  and  more  robust;  there  is  essentially  no  warpage 
during  bakeout  or  when  heated  by  synchrotron  radiation. 
The  monitors  are  mounted  in  chamber  sections  that  pass 
through  quadrupoles  that  are  now  uncoupled,  via  a 
bellows,  from  the  downstream  dipole  vacuum  chamber 
section.  In  the  past,  small  changes  in  the  dipole  section 
position,  e.g.  to  reset  a  photon-beamline  port,  would 
change  the  BPM  position  in  the  upstream  quadrupole 
doublet.  This  no  longer  happens.  Since  the  BPM’s  are 
now  mechanically  uncoupled  from  the  dipole  sections, 
they  are  now  firmly  clamped  to  the  quadrupole  bases, 
which  are  mounted,  via  short  steel  pedestals,  to  the 
bedrock  under  the  floor. 

Calibration  of  the  BPM’s  is  accomplished  by  the 
usual  current-shunting  technique.  Most  BPM’s  are 
located  at  quarupoles.  While  1  or  2%  of  the  current  is 
alternately  shunted  and  not  shunted  around  a  quadrupole, 
the  beam  is  steered  until  the  closed  orbit  is  invariant.  At 
that  point  the  BPM  reading  is  the  calibration  offset. 

Some  of  the  ring  quadrupoles  have  back-leg 
windings  that  are  used  as  dipole  steering  corrections. 
Since  we’ve  mechanically  uncoupled  the  chamber  from 
its  adjacent  quadrupole,  we’ve  measured  a  large 
difference  in  calibration  (as  much  as  164  pm)  comparing 
with  and  without  current  in  the  “piggy  backed”  dipole 
steering.  Non-linear  effects  of  the  uncorrected  orbit 
traversing  the  BPM  at  a  large  angle  may  explain  this. 

Prior  to  the  upgrade  one  of  each  stripline  pair  also 
doubled  as  an  ion-clearing  electrode.  The  new  chamber 
sections  have  a  separate  ion  clearing  strip,  simplifying  the 
electrical  hookup  of  the  BPM’s  and  eliminating  a 
potential  source  of  noise  in  the  BPM  electronics. 

2.2  Long  Term 

Over  the  length  of  a  user  fill,  4  to  8  hours,  the  orbit 
is  stable  to  within  ±3  pm.  In  order  to  get  this  level  of 
stability,  the  Global  Feedback  system  is  active  for  all  user 
beams.  This  system  simply  reoptimizes  the  orbit  to  a 
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target  orbit  at  a  2  Hz  rate.  Day  to  day  orbit  position 
repeatability  is  about  ±6  pm.  Three  photon  monitors 
record  the  beam  position:  two  photodiode  arrays  and  a 
CCD  camera. 

Recognizing  that  the  long-term  beam  position 
stability  is  affected  by  the  positional  stability  of  the  ring 
components,  (including  the  BPM’s,  both  beam  driven  and 
optical)  two  measurement  systems  are  being  installed  on 
the  ring.  We  are  placing  20  (soon  to  add  80  more) 
computer  readable  temperature  sensors  on  various  ring 
components:  e.g.  quadrupole  stands  and  dipole  stands. 
Changes  in  temperature  that  produce  ring  component 
position  changes,  especially  in  the  vertical  direction,  will 
be  monitored  and  correlated  with  beam  position  variation. 

A  hydrostatic  leveling  system  (HLS)  has  been 
acquired.  This  is  the  same  type  of  system  used  at  ESRF. 
Once  the  system  is  tested  and  installed,  the  relative 
vertical  position  of  ring  components  will  be  constantly 
monitored.  The  resolution  of  the  system  is  at  the  1  pm 
level,  with  an  accuracy  <5  pm.  It  appears  that  some 
resolution  is  lost  because  of  the  need  to  move  the  sensing 
electronics  away  from  the  sensing  head.  This  was 
necessary  because  the  combined  sensor  and  electronics  is 
not  meant  to  work  in  even  modest  external  magnetic 
fields. 

Another  hydrostatic  problem  that  we  are  just  starting 
to  investigate  is  the  presence  of  ground  water  in  the 
bedrock  under  the  concrete  floor  that  supports  the  ring. 
Shortly  after  a  large  water  spill,  several  photon  beamlines 
required  realignment,  indicating  that  the  stored  beam 
position  had  somehow  been  changed  as  a  result  of  the 
water  seepage  under  the  floor. 

As  indicated  above,  Aladdin  regularly  runs  at  either 
800  MeV  or  1  GeV.  The  central  orbit  is  in  a  different 
position  at  the  two  energies,  causing  some  user  beamlines 
to  require  either  readjustment  or,  for  some  high  resolution 
beamlines,  simply  to  avoid  using  the  1  GeV  beam 
altogether.  Accompanying  the  change  in  position  there  is 
an  excessively  large  increase  in  vertical  beam  size  and  a 
change  in  beam  rotation  of  6°.  The  size  and  rotation 
variations  are  consistent  with  changes  in  the  ring 
coupling.  Measurements  have  shown  that  the  coupling 
varies  almost  linearly  from  0.013  at  800  MeV  to  0.029  at 
1  GeV.  Original  dipole  field  data  show  the  magnets 
“shorten”  at  fields  corresponding  to  1  GeV  operation. 
This  combined  decrease  in  |Byds  and  increase  in  coupling 
may  be  the  cause  of  the  different  orbit,  but  there  are  still 
many  unanswered  questions.  For  example,  why  there  are 
differences  between  BPM  calibrations  at  the  two  energies, 
as  much  as  160  pm. 

2.3  Short  Term 

In  the  realm  of  fast  changes  in  beam  position, 
frequencies  faster  than  a  few  hertz,  many  problems  have 
been  identified  and  solved.  The  infrared  beamlines  are 
very  sensitive  to  beam  motion  at  the  ac  power  line 


frequency,  60  Hz,  and  its  harmonics.  The  main  ring 
dipole  power  supply  has  a  12-phase  rectifier  circuit,  and 
horizontal  beam  motions  at  720  Hz  were  quite  large  (See 
Figure  1).  The  cause  was  a  large  series  inductor  (choke) 
that  was  located  close,  about  40  cm,  to  the  beam  orbit. 
We  relocated  the  choke  and  observed  a  large  reduction  in 
the  720  Hz  horizontal  beam  motion  (Figure  1). 


Figure  1  also  shows  residual  60  Hz  beam  motion. 
Several  sources  have  been  identified  and  either  fixed  or 
shortly  will  be  fixed.  The  60  Hz  beam  motion  was 
reduced  by  a  factor  of  10  after  four  ac  service 
transformers  were  relocated  from  adjacent  to  the  beam 
orbit  to  about  3  m  away  [2],  Replacing  the  ac  solenoids 
with  a  dc  type  removed  the  60  Hz  noise  contribution  of 
the  ring  sector  valves.  However,  the  actuators  of  the 
beamline  front-end  valves  are  also  known  to  be  a  source 
of  60  Hz  oscillations  and  will  be  replaced  later  this  year. 
Also,  the  main  rf  system  will  be  tested  to  verify  that  there 
is  not  some  60  Hz  modulation  that  is  affecting  beam 
motion. 

To  reduce  the  60  Hz  beam  motion  even  more, 
several  improvements  are  scheduled.  The  main  ring 
dipole  magnet  power  supply  will  get  a  transistor  passbank 
(there  is  none  now)  and  each  of  the  quadrupole  and  dipole 
power  supplies  will  have  new  controllers,  all  with  digital 
signal  processors  (DSP’s). 

3  SIZE  STABILITY 

3.1  General 

Section  1  notes  that  a  typical  vertical  beam  size  at  a 
dipole  source  point  is  85  pm.  This  size  can  vary 
depending  on  the  level  of  coupling  in  the  ring.  Two 
operational  regimes  should  be  distinguished.  The  first  is 
how  the  ring  is  set  for  users  at  the  start  of  a  user 
experimental  run.  At  this  time  four  skew  quadrupoles 
around  the  ring  can  provide  some  control  of  beam  size 
and  rotation,  and  they  are  used  to  set  beam  size  to  a 
standard  value.  This  can  only  set  the  beam  size  within 
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rather  narrow  limits,  however,  and  more  skew 
quadrupoles  would  be  required  to  provide  better-localized 
size  control. 

The  main  cause  of  variability  in  beam  size  during  a 
user  fill  is  the  scanning  of  uncorrected  undulators.  The 
correction  scheme  used  for  each  undulator  is  to  shunt 
some  current  around  the  upstream  and  downstream 
vertically  focusing  quadrupoles.  The  amount  of  current 
shunted  is  a  function  of  the  peak  undulator  field.  The 
main  residual  correction  is  almost  entirely  correction  of 
the  vertical  tune.  With  this  scheme  the  tune  can  be  kept 
constant,  but  the  smallest  average  vertical  beam  size 
variation  observed  during  scanning  is  2%.  For  many 
users,  especially  those  employing  experiments  that  rely 
on  the  difference  between  the  above  and  below  median 
plane  polarization  of  the  radiation,  vertical  beam  size 
changes  of  1%  are  too  large.  We  are  continuing  to  look  at 
ways  to  further  reduce  these  beam  size  changes.  The 
most  promising  avenues  are  choosing  a  different 
operating  point,  keeping  the  global  tune  constant, 
dynamic  control  of  skew  quadrupoles,  or,  most  likely,  a 
combination  of  the  above. 

3.2'Long  Term 

Over  the  course  of  a  user  fill  the  beam  size  doesn’t 
vary  by  more  than  ±3  pm,  with  most  of  the  variation 
occurring  in  the  first  2  h,  most  likely  from  the  well  known 
effect  of  high  current  on  beam  size.  From  one  fill  to  the 
next  the  starting  beam  size  is  dependent  on  the  ring  tunes 
and  the  initial  state  of  the  three  undulators  in  regular  use. 
The  machine  operators  normalize  the  beam  size  at  one 
optical  monitor  by  varying  skew  quadrupole  settings. 
This  can  and  does  lead  to  too  much  beam  size  variation  at 
other  sources  around  the  ring.  The  normal  operating 
point  is  relatively  close  to  several  weak  resonances. 
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Figure  2  shows  a  beam  size  mapping  of  the  tune 
space  around  Aladdin’s  operating  point.  At  that  point 
small  changes  in  ring  parameters,  even  scanning  of  well- 
compensated  undulators,  can  cause  small  beam  size 
changes.  Under  investigation  is  a  permanent  move  to  a 
different  operating  point.  In  the  near  future,  usage  of  a 
software  feedback  loop  to  keep  the  tunes  constant  will 
become  a  normal  mode  of  operation. 

4  IMPROVEMENT  PLANS 

4.1  Diagnostic  Stations 

Besides  the  tune  control,  temperature  monitors,  and 
HLS  mentioned  above,  four  new  diagnostic  stations  are  in 
the  design  stage.  These  stations,  one  in  each  comer  of  the 
ring,  will  be  dedicated  to  measurements  of  beam  size, 
rotation,  and  position  in  both  planes.  Each  station  will 
have  a  CCD  camera  to  look  at  the  beam  cross  section  and 
measure  beam  size.  Also,  each  station  will  have  a 
position  sensitive  device  (PSD)  to  measure  the  position  of 
the  beam  down  to  the  1  pm  level.  At  least  one  of  the 
stations  will  have  additional  linear  photodiode  arrays  to 
look  for  high  frequency  beam  motion.  A  prototype  of  the 
optical  design  has  been  tested,  and  the  45  “mirrors  that 
take  the  light  into  the  stations  have  been  procured.  The 
stations  should  be  operational  by  the  end  of  the  year. 

4.2  BPM  Electronics 

Modem  advancements  in  electronics  have  seen  the 
increased  use  of  digital  signal  processors  (DSP’s).  To 
make  use  of  this  modem  technology  the  electronics  that 
measures  beam  position  will  be  completely  rebuilt  to 
utilize  DSP’s.  This  will  increase  the  resolution  of  the 
BPM  system  by  a  factor  of  10. 
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Abstract 

An  infrared  beamline  has  been  constructed  at  the  800 
MeV  electron  storage  ring,  Aladdin.  The  beamline  is 
located  downstream  of  a  short  straight  section,  where  it 
collects  edge  radiation  produced  by  electrons  exiting  and 
entering  the  bending  magnets  at  the  ends  of  the  straight 
section.  Measurements  at  wavelengths  of  1-5  pm  suggest 
that  the  edge  radiation  is  brighter  than  standard 
synchrotron  radiation.  When  used  for  Fourier  transform 
infrared  (FTIR)  microspectroscopy,  the  signal-to-noise 
ratio  is  20  times  that  measured  with  a  glower  source. 
Several  applications  of  the  beamline  are  described. 


radiation  source  might  provide  a  greater  brightness  than 
ordinary  synchrotron  radiation,  with  a  smaller  opening 
angle  [7].  In  an  experimental  comparison  of  IR  edge 
radiation  and  ordinary  synchrotron  radiation,  described  in 
Section  2,  edge  radiation  allowed  a  greater  flux  to  be 
imaged  through  pinholes  smaller  than  100  pm  with  f/4 
optics.  This  experiment  suggests  that  the  edge  radiation  is 
brighter,  so  it  was  decided  to  use  an  edge  radiation  source 
for  the  Aladdin  IR  beamline.  To  avoid  conflict  with 
insertion  devices  on  the  long  straight  sections,  the  IR 
beamline  was  constructed  downstream  of  a  short  straight 
section,  whose  length  is  3  m. 


1  INTRODUCTION 

Long-wavelength  radiation  produced  at  the  edge  of  a 
bending  magnet  was  observed  at  the  electron  storage  ring, 
Aladdin,  in  1993  [1],  At  the  operating  ring  energy  of  800 
MeV,  the  visible  light  several  meters  downstream  of  a 
straight  section  forms  an  intense  whitish  spot  on  axis  with 
angular  extent  of  several  mrad.  The  light  distribution 
changes  to  that  of  ordinary  synchrotron  radiation  as  one 
moves  horizontally  off  axis.  Similar  features  are  evident 
in  photographs  taken  at  the  Daresbury  Laboratory  [2].  At 
a  ring  energy  of  250  MeV,  the  visible  spot  on  axis  is  less 
pronounced,  while  colored  crescents  (again  with  an 
angular  extent  of  several  mrad)  are  observed  whose 
position  and  intensity  depends  upon  the  steering  bumps 
introduced  into  the  straight  section.  The  bright  spot  on 
axis  appears  to  be  “edge  radiation”  produced  at  the  edge 
of  a  bending  magnet  [3].  The  crescents  are  apparently  the 
result  of  small  deflections  in  quadrupole  magnets  caused 
by  steering  windings  and  misalignments  [4,5,6], 

The  measured  spatial  distribution  of  edge  radiation  at  a 
wavelength  A,  of  1  pm  agrees  with  computations  [7]. 
Using  lenses  to  image  the  sources  of  0.5  pm  radiation 
within  a  straight  section,  the  most  intense  source  was 
observed  at  the  location  of  the  downstream  bending 
magnet  edge  [8].  Additional  weaker  sources  were  also 
observed,  consistent  with  radiation  produced  in 
quadruples  by  small  deflections  (with  deflection  angle  < 
2/y,  where  y  is  the  relativistic  mass  factor  [6]).  From  these 
images,  the  beam  dimensions  at  the  locations  of  the 
quadrupoles  and  edge  were  obtained,  yielding  very  good 
agreement  with  theoretical  values  for  horizontal  beam 
sizes  of  -400  pm  =  Ay/2.  Reasonable  agreement  was  also 
obtained  for  vertical  beam  sizes  of  ~80  pm  =  Ay/ 10  [8]. 

At  the  suggestion  of  O.  V.  Chubar,  we  investigated  the 
possibility  of  using  edge  radiation  for  an  infrared  (IR) 
beamline  at  Aladdin.  Computations  indicated  that  an  edge 


2  THE  ALADDIN  IR  BEAMLINE 

The  IR  beamline  is  located  at  Port  031,  an  on-axis  port  at 
the  end  of  a  short  straight  section.  The  entrance  aperture 
is  30.5  mm  horizontal  x  22.3  mm  vertical,  located  1.4  m 
downstream  of  the  entrance  poleface  of  a  30°  bending 
magnet.  Imaging  of  visible  radiation  shows  that  the  edge 
radiation  source  is  located  10  cm  upstream  of  the 
poleface.  The  measured  bending  magnet  fringe  field  is 
approximately  a  linear  ramp  extending  10.8  cm  from  the 
poleface.  Thus,  the  source  is  located  at  the  entrance  of  the 
bending  magnet  fringe  field,  where  the  electron  is 
deflected  from  its  straight-line  trajectory  through  an  angle 
exceeding  1/y  in  several  cm.  The  entrance  aperture  is, 


Figure  1.  A  diamond  UHV  window  separates  the  two 
mirror  boxes  of  the  IR  beamline. 
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therefore,  located  1.5  m  downstream  of  the  source, 
subtending  20  mrad  horizontal  x  15  mrad  vertical. 

Figure  1  shows  the  mirror  boxes  of  the  IR  beamline. 
Each  mirror  box  can  be  adjusted  vertically  and 
horizontally  as  a  single  unit  to  align  to  the  port.  Three 
mirrors  in  ultra-high  vacuum  (UHV)  bring  the  IR  light  to 
a  focus  near  its  passage  through  a  UHV  window.  Further 
downstream,  three  mirrors  in  rough  vacuum  collimate  the 
light  and  transfer  it  to  an  FTIR  interferometer.  All  mirrors 
are  gold-coated;  two  are  f/6  sphericals.  The  UHV  window 
is  type  Ila  diamond,  10  mm  in  diameter,  0.25  mm  thick, 
with  a  1.87°  wedge  angle  to  prevent  “channel”  fringes. 
The  beampipe  is  2-inch  stainless  steel,  terminated  by  a 
brass  cell  holding  a  5-cm  diameter  KBr  window. 

Downstream  of  the  KBr  window,  a  Nicolet  Instrument 
Magna  550II  FTIR  bench  with  external  source  port  is 
centered  between  two  microscopes.  Kinematic  mounts 
support  the  FTIR  bench  and  microscopes.  The  path  length 
of  the  beam  is  modulated  by  the  interferometer  on  the 
bench;  the  beam  may  be  directed  either  to  the  sample 
compartment  or  to  the  side-port  microscopes.  A  Spectra- 
Tech  IR-Plan  microscope  is  mounted  on  the  right  side  of 
the  FTIR  bench.  It  has  a  15x,  0.58  numerical  aperture 
(n.a.)  Schwarzchild  objective,  lOx,  0.71  n.a.  condenser, 
and  an  integral  0.25-mm  mercury  cadmium  telluride 
detector.  The  left  side  has  a  NicPlan  microscope  with 
computer-controlled  sample  stage  and  both  15x  and  32x 
objectives.  Apertures  at  focal  planes  upstream  and 
downstream  of  the  sample  allow  the  beam  to  be  restricted 
at  the  sample  plane,  permitting  the  highest  spatial 
resolution. 

At  the  operating  ring  energy  of  800  MeV,  FTIR 
measurements  were  performed  to  compare  the  edge- 
radiation  source  with  a  standard  synchrotron  radiation 
(“bend”)  source  located  in  the  uniform-field  region  of  a 
bending  magnet.  For  this  comparison,  standard 
synchrotron  radiation  was  extracted  through  an  aperture  of 
size  28  mm  x  14  mm  located  1.3  m  downstream  of  the 
source,  subtending  22  mrad  horizontal  x  11  mrad  vertical. 
The  edge  radiation  was  extracted  through  an  adjustable 
aperture  2.6  m  downstream  of  the  edge  source,  adjusted  to 


wavenumber  (cm  '*) 


Figure  2.  Flux  focused  through  a  10  micron  pinhole 
with  f/4  optics,  normalized  to  ring  current. 


Figure  3.  Transmittance  data  shows  a  20-fold  noise 
reduction  with  edge  radiation  compared  to  a  glower. 


also  subtend  22  mrad  x  1 1  mrad.  The  bend  measurements 
were  limited  to  wavelengths  below  5  pm  because  a 
sapphire  window  was  used.  The  microscopes  were 
unavailable  at  the  time,  so  a  brightness  comparison  was 
performed  using  pinholes  of  diameter  400,  100,  25  and  10 
pm.  The  spot,  focused  in  the  FTIR  sample  compartment 
by  an  f/4  mirror,  was  110  pm  x  60  pm.  A  400-pm 
pinhole  blocked  most  of  the  room-temperature  blackbody 
radiation  that  peaks  at  1000  cm1. 

The  edge  source  produced  less  flux  through  the  400-pm 
pinhole,  nearly-equal  flux  through  the  100-pm  pinhole, 
70%  more  through  25-pm  pinhole,  and  ~2  times  as  much 
flux  through  the  10-pm  pinhole.  Figure  2  shows  current- 
normalized  edge  and  bend  flux  through  a  10-pm  pinhole, 
collected  for  one  minute  at  4  cm 1  resolution.  Because 
more  flux  is  focused  through  small  pinholes  with  the  edge 
source,  the  data  suggest  that  the  edge  source  is  brighter. 
Thus,  it  was  decided  to  use  the  edge-radiation  source  for 
the  Aladdin  IR  beamline. 

Figure  2  also  shows  that  the  relative  noise  levels  are 
about  the  same  with  the  edge  and  bend  sources.  Because 
FTIR  spectroscopy  is  sensitive  to  noise  at  60  Hz  and  its 
harmonics,  the  choke  for  the  bending  magnets’  power 
supply  and  several  transformers  were  moved  away  from 
the  electron  orbit;  the  choke  circuitry  was  also  modified. 
These  actions  reduced  the  electron  beam  motion, 
improving  the  signal-to-noise  ratio  of  FTIR  data  by  more 
than  an  order  of  magnitude  over  the  levels  of  Fig.  2. 

After  reducing  the  60-Hz  noise,  a  noise  comparison  was 
performed  between  the  edge  radiation  source  and  a 
glower.  Figure  3  shows  transmittance  data  through  the 
NicPlan  microscope,  where  a  10-pm  pinhole  was  used  at 
the  sample  stage  while  data  was  collected  for  one  minute 
at  4  cm'1  resolution.  The  rms  noise  level  is  0.62  % 
transmittance  (%T)  over  100  cm'1  for  the  edge  compared 
to  12.5  %T  for  the  glower,  a  20-fold  reduction. 
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3  APPLICATIONS 

Conventional  IR  microspectroscopy  requires  sample  areas 
of  20  pm  x  20  pm  or  larger.  The  brightness  of  the 
Aladdin  IR  source  permits  a  higher  spatial  resolution,  as 
demonstrated  by  the  following  two  examples. 

To  interpret  the  geological  history  of  rocks,  the  fluid 
phase  of  the  rocks  may  be  analyzed.  These  fluids  are 
commonly  preserved  as  tiny  2-50  pm  fluid  inclusions. 
The  fluids  can  be  a  vapor,  an  aqueous  or  non-aqueous 
fluid,  a  silicate  melt,  or  a  combination.  Inclusions 
exceeding  25  pm  in  diameter  are  commonly  studied  using 
freeze/thaw  techniques  and  visible  microscopy;  smaller 
inclusions  must  be  studied  spectroscopically. 

Figure  4  shows  infrared  spectra  of  a  16-pm  inclusion 
that  has  a  6-pm  “bubble”  inside  it.  The  upper  spectrum 
shows  the  overall  “liquid”  phase.  The  peak  at  2350  cm'1  is 
C02,  the  broad  peak  around  3400  cm'1  is  H20,  and  the 
small  peaks  below  3000  cm'1  are  hydrocarbons.  By 
changing  the  focus  on  the  sample,  the  “vapor”  phase  in  the 
bubble  can  be  distinguished,  as  shown  in  the  lower 
spectrum.  This  spectrum  shows  primarily  C02. 

Hippocampus  tissue  of  Alzheimer’s  disease  patients  is 
characterized  by  the  buildup  of  plaques.  Previous  studies 
of  these  plaques  have  involved  staining  techniques  that 
can  contaminate  and  modify  the  protein  structure.  Other 
studies  have  extracted  plaques  for  external  investigation. 
Because  protein  structure  is  dependent  on  the  material 
surrounding  it,  conclusions  obtained  from  extracted 
plaques  can  be  erroneous.  With  FTIR  microspectroscopy, 
the  tissues  can  be  mapped  to  study  plaques,  neurofibrillary 
tangles  and  corpora  amylacea  in  situ. 

The  upper  trace  in  Figure  5  shows  the  spectrum  of  a 
corpus  amylaceum  smaller  than  10  pm  in  Alzheimer’s 
white  matter  tissue.  This  is  compared  to  the  spectrum  of 
the  surrounding  white  matter.  Note  that  the  carbohydrate 
area  around  1100  cm'1  is  enhanced.  The  amide  I  profile 


4000  3000  2000 
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Figure  4.  Measurement  of  a  16-pm  fluid  inclusion 
with  a  6-pm  vapor  bubble.  Measurement  in 
transmission  mode,  8  cm'1  resolution,  128  scans.  Data 
courtesy  of  P.  Brown  and  T.  Lee,  Dept,  of  Geology, 
University  of  Wisconsin-Madison. 


Figure  5.  Measurement  of  Alzheimer’s  patient  brain 
tissue  showing  the  <10  pm  corpus  amylaceum  and  the 
white  matter  surrounding  it,  demonstrating  different 
protein  forms.  Measurement  in  reflectance  mode,  8 
cm'1  resolution,  256  scans.  Data  courtesy  of  K.  Gough 
and  P.  Bromberg,  Dept,  of  Chemistry,  University  of 
Manitoba. 

around  1650  cm'1  is  quite  different  than  for  the  white 
matter,  indicating  a  change  in  the  types  of  protein  present. 
White  matter  is  primarily  “-helical  while  a  slight  shift  in 
the  carbonyl  frequency  and  appearance  of  shoulders  at 
1630  cm'1  and  1673  cm'1  indicates  the  presence  of  '“-sheet 
or  aggregated  ‘‘-strands  in  the  corpus  amylaceum. 
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COMPUTATION  OF  FLUX  INTO  THE  ALADDIN  INFRARED  BEAMLINE 
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Abstract 


X=(X,Y,Z )  is  the  observer  location,  co  is  angular 


The  Aladdin  infrared  beamline  extracts  edge  radiation 
downstream  of  a  short  straight  section  of  the  800  MeV 
electron  storage  ring,  Aladdin.  For  wavelengths  of  1- 
1000  microns,  the  flux  into  the  beamline  is  computed. 
The  flux  rolls  off  at  wavelengths  exceeding  -100  pm, 
where  the  central  cone  of  near-field  edge  radiation  is  no 
longer  contained  within  the  entrance  aperture. 

1  INTRODUCTION 

The  radiation  from  electrons  entering  or  exiting  a  bending 
magnet  (edge  radiation  [1,2, 3, 4])  may  be  used  as  a  bright 
infrared  (IR)  source.  Recently,  an  infrared  beamline  using 
edge  radiation  has  been  constructed  downstream  of  a  short 
straight  section  of  the  800  MeV  electron  storage  ring, 
Aladdin  [5]. 

The  bending  magnet  fringe  field  is  approximately  a 
linear  ramp  over  a  distance  of  10.8  cm,  while  the  uniform 
field  region  bends  the  electron  orbit  with  a  2.083  m  radius 
of  curvature.  An  electron  entering  the  magnet  is  bent 
through  an  angle  of  1/y  in  a  distance  d  of  1.7  cm,  where  y 
is  the  relativistic  mass  factor.  Intense  edge  radiation  may 
thus  be  expected  for  wavelengths  X  »  d/f  =  7  nm  [6], 

The  straight  section  length  L  is  3  m,  while  the  entrance 
aperture  is  at  a  distance  R  of  1.5  m  from  the  downstream 
end  of  the  straight  section  with  dimensions  of  30.3  mm 
horizontal  x  22.3  mm  vertical;  its  full  angular  extent  is  20 
mrad  x  15  mrad.  Near-field  broadening  is  expected  to 
diminish  the  flux  through  an  aperture  for  X  > 
Q^RL/fR+L),  where  01/2  is  the  half-angle  subtended  by  the 
aperture  [7,8].  The  horizontal  aperture  is  expected  to  cut 
off  flux  for  A,  >  (10mrad)2(1.5  m)(3  m)/(1.5  m  +  3  m)  = 
100  pm,  while  the  vertical  aperture  may  cut  off  flux  for  X 
>  (7.5  mrad)2(1.5  m)(3  m)/(1.5  m  +  3  m)  =  56  pm. 
Intense  flux  may  therefore  be  expected  for  7  nm  «  X  < 
56-100  pm. 

2  FLUX  COMPUTATION 


frequency,  c  is  the  speed  of  light,  p(t)  is  the  electron 
velocity  divided  by  c,  e  is  the  electron  charge,  and  eo  is  the 
permittivity  of  free  space.  R(t)  is  the  distance  from  the 
electron  to  the  observer  and  n(t )  is  the  unit  vector 
pointing  from  the  electron  to  the  observer.  The  observer 
time  to  is  related  to  the  time  t  of  radiation  emission  by 

T=l-"WlW.  (2) 

dt 

Consider  an  electron  which  enters  the  fringe  field  of  a 
bending  magnet,  located  at  the  coordinate  origin,  at  time 
t  =0.  Let  R- 1 X  I  and  n( 0)  =(x,y,z)  describe  the  distance 
and  direction  to  the  observer  from  the  magnet  entrance. 
Modeling  the  fringe  field  as  a  linear  ramp  over  a  distance  / 
to  the  value  By  in  the  central  region  of  the  magnet,  the 
normalized  acceleration,  $  /  P ,  obeys 
[(C0c/T)f  Octet 

( o„  t  >X 


a(t)= 


(3) 


where  coc  =  eBJmy  is  negative  for  a  bend  in  the  +jc- 
direction,  and  t  s  //Pc  is  the  fringe-field  traversal  time. 

Letting  Aft)  =  \a(t')dt' ,  we  have 
0 


P(r)  =  P(-  sin  A(/),0,  cos  Aft )) , 
p(t)  =  pa(r)(-cos  A(r),0,-sin  Aft)), 


and 


A{tJ  (0V2/2t)  0<t<x 

l(Dc(t-t/2)  #>T  . 


(4) 

(5) 


(6) 


Approximating  sinA(t)  «  Aft)  to  evaluate  the  electron 
position  ( Xt ,  Ye,  Zt)  versus  time  gives 


Xeft)  = 


pc<V 

6t 

-pcwc 


T2  |  (t-x/ 2? 

24 +  2 


Octet 


t>  x 


(7) 


The  electric  field  from  an  electron,  in  SI  units,  obeys  [9] 
e 


E{X,ta)  = - 7 

4ne0c  (1  -  h  •  P)2  Rft) 


4jtecy 


J 


n-P 


im(t) 


(1) 


(1  —  n  •  P)2/?(r)2 


dt. 


The  first  term  on  the  RHS  is  the  “acceleration  field” 
describing  far-field  radiation.  The  second  term  is  the 
“velocity  field”  which  contributes  in  the  near  field.  Here, 


and  Z/ 1)  ~  Pcf. 

From  eq.  (2)  we  have,  for  f„(0)=0 

i  i 

t0  (t) = J  t  -  m  ■  W)dt’Y  J  [«(0)  -  mdt' 

o  o 

+j[n(0)-n(t')]-  |(t')-p(0)]dr/ 
o 


(8) 
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The  first  term  on  the  RHS  of  eq.  (8)  is  the  expression  for 
tjt)  applicable  when  the  time-variation  of  n(t)  may  be 
neglected,  i.e.  for  a  distant  observer.  Its  value  is  [2] 


,(1_zP)+i§V+iN£v 

6x  40x2 

/„(/)  =  •  t(l-z|3)  +  xp£0c  |_  +  .(f-^/2) 


Q  2  x  (/- x/2)  i 

+  zpco  2 - +- - —  />X 

c  240  6  J 

The  second  term  on  the  RHS  of  eq.  (8)  is  approximately 
.  ,,  (2  2U2ct2  pWl  p 2ca>rxf  t4  pc/5 1  „ 

^  \  2R  3R2 


0  </<X 


pJCC0cX 

> 

n2 

X3 

,P£ 

[V 

/V 

_jl_Y 
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6 

~  4 
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-24H 
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6 

h  12 

120 

The  dominant  contribution  to  the  third  term  is 


2c(ocx  r  pc/5 
~R  8x  IOKt 


$2C(DCX  rx+ x^  +  jte  Z4  /3x  j  t' 


3  4  24  R  4  6  60 


(ID 

The  radiation  emitted  when  t  >  0  may  be  evaluated  by 
substituting  eqs.  (3)— (1 1)  into  eq.  (1)  and  numerically 
integrating  over  0< r<t^,  where  is  sufficiently  large 
that  radiation  from  later  times  is  negligible.  By  including 
eqs.  (10)  and  (11),  the  expression  for  tjt)  is  sufficiently 
accurate  that  computations  agree  with  the  results  of 
Chubar  [8]  for  observer  locations  within  the  Aladdin  IR 
beamline  entrance  aperture.  However,  inaccurate  results 
are  obtained  for  the  ordinary  synchrotron  radiation 
observed  at  larger  horizontal  displacements.  This  is  an 
apparent  limitation  of  the  approximate  expression  for  tjt). 

Now  consider  radiation  emitted  before  this  electron 
enters  the  straight  section  at  time  t  =  -L/$c,  where  L  is  the 
straight  section  length.  If  we  instead  consider  an  electron 
entering  the  straight  section  at  time  t  =  0,  where  tJO)  =  0, 
eqs.  (3)— (1 1)  apply  with  the  substitutions:  R— >  R+L,  x  — >  - 
x,  0 < / < x  -»  -x<f<0,  f>x  — >  f<-x;  the  unit  vector 
pointing  from  the  upstream  straight-section  end  to  the 
observer  must  be  substituted  for  (x,y,z).  Inserting  these 
expressions  into  eq.  (1),  we  integrate  numerically  over  -tlim 


<t<  0  to  obtain  E(X,(o) .  To  convert  E(X,a>)  to  the 


observer  time  coordinate  where  t=  0  when  downstream 
edge  radiation  arrives,  we  multiply  by  the  phase 
exp{  -i7tfl(X)[L'7?+(j>(X',  YfU(R+L)} } ,  where  RJX)  s 
R/(Xf)  and  <t>(X,F)  =  lix+y)m. 

Lastly,  the  velocity  field  from  the  straight  section  is  [7] 
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Figure  1.  Flux  density  1.5  m  downstream  of  the 
entrance  edge  of  an  Aladdin  bending  magnet  preceded 
by  an  infinitely-long  straight  section,  for  an  electron 
current  of  200  mA  and  energy  of  800  MeV.  Flux 
density  is  plotted  versus  horizontal  position  in  the 
plane  of  the  electron  orbit,  for  electrons  deflected  in 
the  positive  x-direction.  (a)  X  =  1  pm.  (b)  X  =  10  pm. 
(c)  X  =  100  pm.  (d)  X  =  1000  pm. 
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The  x-  and  y-  components  of  eq.  (12)  are  obtained  by 
multiplying  by  xl{x+y2)m  and  yl{x+y2)m. 

Summing  the  electric  fields  from  the  edges  and  the 
straight  section  gives  the  electric  field  from  an  electron. 
For  a  bunch  length  exceeding  the  observed  radiation 
wavelength,  the  flux  density  from  a  current,  /,  is  [9] 


dF  _a  A(o  /  f  2 Re0c 
dCl  (o  e  e 


2 


(13) 


where  the  solid  angle  dQ.  is  defined  with  respect  to  the 
downstream  bending  magnet  entrance. 


3  RESULTS 

Figure  1  displays  the  computed  flux  density  1.5  m 
downstream  of  an  Aladdin  bending  magnet  preceded  by 
an  infinitely-long  straight  section.  The  flux  density  in  the 
plane  of  the  electron  orbit  is  plotted  versus  horizontal 
position  X  for  locations  within  the  IR  beamline  entrance 
aperture.  For  the  wavelengths  shown,  X  exceeds  R/J,  so 
that  near-field  effects  must  be  considered  [7]. 

At  a  wavelength  of  1  pm,  X  is  slightly  larger  than  Rif 
(X  =  1 .75 Rif),  and  the  velocity  field  makes  only  a  small 
contribution.  The  peaks  of  flux  density  are  approximately 
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Figure  2.  Flux  density  1.5  m  downstream  of  the 
entrance  edge  of  an  Aladdin  bending  magnet,  for  a 
current  of  200  mA  and  straight  section  length  of  3  m. 
Flux  density  is  plotted  versus  horizontal  position  in  the 
plane  of  the  electron  orbit,  for  electrons  deflected  in 
the  positive  x-direction.  (a)  X  =  1  pm.  (b)  X.  =  10  pm. 
(c)  X  =  100  pm.  (d)  X  =  1000  pm. 


Figure  3.  Computed  flux  into  the  Aladdin  IR  beamline 
for  an  electron  current  of  200  mA  (solid  line).  The 
edge-radiation  flux  for  an  infinite  straight  section 
length  and  the  ordinary  synchrotron  radiation  flux  into 
an  identical  aperture  are  also  shown. 

identical  aperture  located  1.5  m  downstream  of  an 
ordinary  synchrotron  radiation  source  at  Aladdin. 

4  SUMMARY 

The  flux  of  edge  radiation  into  the  Aladdin  IR  beamline 
has  been  computed.  The  computations  show  a  large  flux 
at  the  wavelengths  of  1-20  pm  typically  used  for  Fourier 
transform  infrared  (FTIR)  microscopy.  At  wavelengths 
exceeding  -100  pm,  the  flux  is  diminished. 


at  the  far-field  angles  of  ±l/y  =  ±0.64  mrad.  For  large 
positive  values  of  X,  the  radiation  is  similar  to  ordinary 
synchrotron  radiation.  At  wavelengths  of  10-1000  pm,  X 
greatly  exceeds  R/1/,  so  that  the  peaks  of  the  flux  density 
occur  at  X  =  ±  (XR)'n  [7].  For  wavelengths  of  1-100  pm, 
the  central  cone  of  radiation  lies  within  the  horizontal 
aperture,  while  most  of  this  cone  lies  outside  the  aperture 
for  X  =  1000  pm. 

Figure  2  shows  the  computed  flux  density  for  the 
Aladdin  short  straight  section  length  L  of  3  m.  At  X  =  1 
pm,  the  straight  section  length  exceeds  the  “radiation 
formation  length”  of  X’f.  The  interference  between  the 
two  ends  of  the  straight  section  results  in  fringe  spacing 
small  compared  to  the  angular  scale  of  the  single-edge 
flux  distribution.  At  the  longer  wavelengths  of  10-1000 
pm,  where  X  greatly  exceeds  R/’f  and  Ltf,  the  peaks  of 
the  flux  density  occur  at  X  ~  ±  (XR(R+L)/L)m  [8].  The 
peaks  are  -20%  further  from  the  straight-section  axis  than 
with  an  infinite  straight  section  length.  Again,  the  central 
radiation  cone  is  largely  contained  within  the  horizontal 
aperture  for  wavelengths  of  1-100  pm. 

Figure  3  shows  computed  flux  into  the  IR  beamline  for 
the  Aladdin  short  straight  section  length  of  3  m  and  also 
for  an  infinite  straight  section  length.  For  X  >  100  pm,  the 
flux  is  diminished  because  the  central  cone  of  near-field 
radiation  is  not  contained  within  the  entrance  aperture, 
consistent  with  our  estimate  that  the  aperture  will  reduce 
flux  for  X  >  56-100  pm.  We  also  show  the  flux  into  an 
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Abstract 

From  mid  1980’s,  we  have  been  developing  compact  SR 
rings  named  AURORA.  The  first  one,  AURORA- 1  (Al), 
which  employed  a  superconducting  magnet  to  make  the 
ring  as  compact  as  possible,  has  unique  features  came  from 
its  constitution,  one  circular  360°  bending  with  no  focus 
magnets.  After  observed  first  SR  in  1989,  we  continued  to 
improve  the  whole  system,  then  transferred  to  Ritsumeikan 
Univ.  in  1995.  It  has  been  in  routine  operation  since  then. 
In  parallel  with  the  Al’s  improvements,  we  started 
developing  another  concept  in  early  1990’s.  We  adopted 
normal  conducting  magnets  instead  of  superconducting’s 
to  the  second,  AURORA-2  (A2),  keeping  compactness  by 
increasing  the  bending  field,  2.7  Tesla,  as  high  as 
somewhat  comparable  to  the  superconducting’s.  The  most 
outstanding  feature  of  A2  lies  in  the  bending  magnets, 
whereas  the  configuration  of  A2,  racetrack,  is  very 
conventional.  There  are  two  versions  in  A2;  one  pursued 
compactness,  the  same  purpose  as  Al,  for  X-ray 
lithography,  and  the  other  modified  for  scientific  research 
taking  advantage  of  its  capability  of  accommodating 
insertion  devices  (ID’s).  In  1997,  the  latter  was  installed  in 
Hiroshima  Univ.  as  HiSOR  in  combination  with  two 
undulators.  On  the  contrary,  the  former  has  been  in 
commissioning  at  our  Tanashi  Works. 

1  INTRODUCTION 

A  compact  synchrotron  light  source  has  been  being 
developed  since  mid  1980’s  from  the  viewpoint  of 
optimization  for  industrial  use,  especially  for  X-ray 
lithography.  AURORA  was  originally  designed  under  the 
trends  of  those  days  in  applying  superconducting 
technology  to  such  the  small  SR  rings.  Al,  the  world’s 
smallest  SR  ring,  is  quite  unique  by  its  constitution  of  a 
single-body  superconducting  bending  magnet,  to  which 
the  function  of  weak-focusing  is  added  to  avoid  additional 
focusing  magnets.  To  make  the  system  compact  as  a 
whole,  a  150-MeV  racetrack  microtron  was  newly 
developed  as  a  reliable  and  stable  injector.  The  operation 
of  the  total  system  is  quite  simple,  therefore  to  be  suited  for 
industrial  application.  Extremely  small  beam  size  in 
vertical,  originated  from  very  weak  x-y  coupling,  is 
another  attractive  feature  for  scientific  experiments. 

It  proved  somehow  inadequate  to  the  industrial 
system,  however,  because  of  rather  a  long  maintenance 
period  and  recovery  time  from  failure.  We  thus  concluded 
to  adopt  room-temperature  magnets  avoiding  super¬ 
conducting  technology  in  the  second  version  under  the 
restriction  of  maintaining  Al’s  compactness.  It  was 
achieved  by  an  innovative  idea  of  dipole  magnets  that 
brought  us  enough  a  high  magnetic  field  for  normal 
conducting  magnets. 


We  have  some  flexibility  in  the  design  of  new 
AURORA,  depending  on  how  to  use  straight  sections  of 
the  racetrack  ring.  One  which  pursued  compactness  by  the 
shortest  straight  section  is  called  AURORA-2S  (A2S), 
where  S  means  Q-Singlet  in  the  straight  section.  This 
quadrupole  acts  on  horizontal  focusing,  whereas  edge- 
focusing  on  vertical.  The  other  having  3-m  free  space  in 
the  straight  section  is  called  AURORA-2D  (A2D),  where 
D  means  Q-Doublet.  A2D  has  4-sets  of  the  doublet.  Two 
types  of  ID,  undulator  and/or  wiggler,  are  available  for 
A2D.  A2D  in  combination  with  two  undulators  was 
constructed  in  1997  as  HiSOR.  Furthermore,  the 
capability  to  install  even  a  superconducting  wiggler  in 
such  a  compact  ring  as  A2D  using  the  low-energy- 
injection  scheme  was  also  proved  by  the  other  A2D. 

2  THE  FIRST  AURORA  (Al)  [1-5] 

Al  is  the  only  circular  ring  in  the  world,  which  is  the 
ultimate  shape  of  compactness.  The  ring’s  outer  diameter 
is  ~3m,  whereas  the  orbit  diameter  is  lm.  The  ring  is 
unique  because  of  its  injection  method  using  half-integer 
resonance.  Al  is  one  of  typical  superconducting  SR  rings 
of  those  days,  however,  which  was  considered  inevitable 
to  produce  a  compact  one.  After  the  end  of  R&D,  Al 
was  moved  to  Ritsumeikan  University  who  established 
SR  Center  in  1996. 


MSSCi  '  '  ■  I  -.-Jt 

Fig.  1  Whole  view  of  AURORA  facility  at  SR 


Center  in  Ritsumeikan  University. 

Soft  X-rays  are  intensively  used  for  various 
analyses  in  material  science.  Micro-machining  is  one  of 
unique  applications,  where  LIGA  and  TIEGA  (Teflon 
Included  Etching  Galvanicforming)  are  included.  Some 
of  16  beam  lines  in  total  are  able  to  use  photons  even  at 
3m  distance  from  the  source  point,  which  is  one  of  a 
merit  of  self-shielding.  It  means  that  the  users  can  greatly 
benefit  by  a  higher  photon  density  than  that  of  other 
rings.  In  addition,  it  was  recently  measured  by 
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interferometer  that  the  beam  size  ay  is  quite  small, 
17pm,  in  spite  of  a  larger  emittance  than  10-*  m-rad  [6]. 
The  beam  is  usually  maintained  0.14mm  of  ay,  however, 
to  avoid  too  short  Touschek  lifetime.  Thus,  the  ring  is 
operated  twice  a  day  of  injection,  starting  from  300mA 
stored  current  and  terminated  at  about  150mA  after  6 
hours  of  accumulation. 


3  THE  SECOND  AURORA  (A2)  [7,  8] 

A2  is  a  compact  ring  of  racetrack  type  using  normal¬ 
conducting  magnets,  which  takes  over  many  advantages 
of  Al,  the  150-MeV  injector  microtron  [9],  cryopanels 
for  high  vacuum,  self-shielding  function,  etc. 


3.1  HiSOR — A2D  with  undulators  [10, 11] 

One  A2D  with  two  undulators  was  built  at  Hiroshima 
Synchrotron  Radiation  Center  (HSRC)  as  HiSOR,  which 
was  established  in  1997  by  Hiroshima  University.  The 
most  outstanding  feature  of  HiSOR  lies  in  these  linear  and 
helical  undulators.  These  devices  offer  the  users  higher 
flux  densities  than  1015  photons/sec/mrad2/0.1%b.w.  at 
300  mA  of  the  specified  current,  covering  a  spectral  range 
from  a  few  to  hundreds  eV. 


Fig.  2  Overall  view  of  HiSOR  at 
Hiroshima  University. 

In  the  early  stage  of  A2D’s  commissioning,  we 
recorded  318  mA  of  stored  current  at  700  MeV,  starting 
acceleration  from  384  mA  of  150-MeV  injected  beam 
which  resulted  in  83%  of  acceleration  efficiency.  After 
the  completion  of  vacuum  system  upgrading,  the  beam 
lifetime  was  improved  to  10  hours  at  100  mA,  where  the 
vacuum  pressure  was  lxlO'9  Torr  on  the  average.  The 
operation  cycle  has  reduced  to  twice  a  day  from  three 
times  a  day  since  then.  The  integrated  current  has  passed 
beyond  100  A-Hr.  At  present,  ten  of  sixteen  beam  lines, 
two  of  them  are  for  undulators,  has  already  been 
occupied. 


3.2  A2D  with  7  Tesla  Wiggler  [12-15] 

The  system  check  of  A2D  with  a  superconducting 
wiggler  was  performed  in  1997  within  a  very  limited 
period,  ~3  weeks  of  net  commissioning,  prior  to  the 
reassembling  to  A2S.  The  test  was  carried  out  under  the 
very  poor  vacuum  condition,  ~lxl0‘7  Torr  while  beam 
injection  and  acceleration,  because  of  no  baking  and 
aging  process  for  beam  ducts  and  vacuum  chambers.  The 
result  was,  however,  very  satisfactory  for  us. 


Fig.  3  Photo  of  A2D  with  7  Tesla  wiggler  taken 


at  our  Tanashi  Works. 

We  succeeded  in  proving  the  fact  that  even  a  compact 
ring  with  low-energy-injection  scheme  like  A2D  can 
accommodate  a  superconducting  wiggler  as  an  ID. 

The  test  condition  was  as  follows:  The  main  pole  of 
the  wiggler  is  kept  at  1.5  Tesla  while  injection,  and 
ramped  up  to  7  Tesla  taking  5.5  minutes  of  acceleration. 
The  accumulated  current  was  limited  to  19  mA  because 
of  the  poor  vacuum  in  a  short  test  period.  We  have 
acquired  enough  evidence,  however,  to  confirm  that  the 
compact  ring  with  7  Tesla  wiggler  should  work  well 
notwithstanding  a  large  amount  of  influence  on  the  beam 
from  the  wiggler. 

3.3  A2S  [16,  17] 


A2S  is  the  world’s  smallest  normal  conducting  SR  ring. 
After  the  successful  test  of  A2D,  it  was  immediately 
disassembled  and  reassembled  to  A2S  in  late  1997. 


Fig.  4  Photo  of  A2S  before  wrapped  up  in  the 


shielding  materials. 

Successfully  curing  the  coupled  bunch  instability 
using  the  new  RF  cavity  by  which  harmful  HOM’s  were 
greatly  suppressed,  we  went  beyond  the  specification 
within  a  month  and  recorded  719  mA  of  stored  current 
so  far.  Commissioning  of  A2S  has  been  continued  to 
improve  the  lifetime,  where  3  hours  at  500  mA  is 
observed  after  120  A-Hr  of  the  integrated  current.  We 
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found  no  difficulties  in  the  acceleration  when  ramping 
more  than  800  mA  of  injected  beam  up  to  700  MeV  in 
two  minutes.  The  maximum  injected  beam  already 
exceeded  1A.  The  reliability  check  had  been  done  prior 
to  covering  the  ring  with  radiation  shielding  materials  as 
seen  in  Fig.  5,  that  is,  more  than  ten  days  of  24-hours-a- 
day  operation  terminated  successfully. 


Fig.  5  Photo  of  A2S  after  coverd  with  the 


polyethylene  neutron  shielding. 

4  CONCLUSION 

More  than  a  decade,  we  have  been  developing  compact 
SR  rings  for  industrial  applications.  Recently,  the 
applications  are  extending  from  X-ray  lithography  to 
micromachining  such  as  LIGA  and  TIEGA.  A1  is 
convenient  to  obtain  high  dose  rate  with  ease  by  placing 
a  target  close  to  the  source. 

We  established  a  system  of  easy-handling  by 
eliminating  superconducting  elements  from  A2.  It  was 
proved  to  accept  either  undulators  or  superconducting 
wigglers  in  A2D  as  ID’s,  thus  even  such  a  small  SR  ring 
as  HiSOR  is  quite  useful  for  scientific  researches. 

Another  variation,  A2S,  has  been  proved  to 
accumulate  much  more  current  than  specified.  The 
reliability  was  checked  by  a  long-term  continuous 
operation.  Next  step  to  be  proved  is  its  self-shielding 
capability.  The  ring  is  ready  for  exposure  test  of  X-ray 
lithography,  where  a  special  beam  line  and  a  new  SR 
stepper  are  in  the  final  stage  of  preparation. 
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A2S 

A2D+W 

Al 

Energy  (GeV) 

0.70 

0.70 

0.575 

Stored  current  (A) 

0.5  (1.0) 

0.3 

0.3 

Circumference  (m) 

10.97 

21.95 

3.14 

RF  voltage  (kV) 

160 

220 

120 

Harmonic  number 

7 

14 

2 

RF  frequency  (MHz) 

191.36 

191.24 

190.86 

Energy  loss  (keV/turn) 

24.42 

29.07 

19.34 

Tune  :  horizontal 

1.46 

1.59 

0.797 

Vertical 

0.73 

2.10 

0.604 

Natural  e  (7t  mm-rad) 
Radiation  damping : 

0.528 

0.935 

1.68 

horizontal  (msec) 

2.13 

5.60 

1.3 

vertical  (msec) 

2.10 

3.53 

0.43 

longitudinal  (msec) 

1.04 

1.49 

0.16 

Bunch  length  (mm) 

26.5 

36.2 

52.0 

Touschek  life  (hour) 

20. 

9.9 

*(0.5) 

Bending  field  :  B  (T) 

2.7 

2.7 

3.8 

n-value 

0.0 

0.0 

0.365 

QF  (T/m) 

12.5 

10.9 

— 

QD  (T/m) 

— 

-12.3 

— 

Table  1  Parameters  of  A2S,  A2D+wiggIer,  and  Al. 
♦under  the  extremely  small  ex-ey  coupling  (-2x1  O'4) 
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BEAM  TEST  OF  COMPACT  SR  RING  “AURORA-2S” 
FOR  X-RAY  LITHOGRAPHY 

D.  Amano,  T.  Hori,  H.  Mivade*.  H.  Murata,  T.  Takayama 
Research  &  Development  Center,  Sumitomo  Heavy  Industries,  Ltd. 
2-1-1  Yato-cho,  Tanashi-city,  Tokyo  188-8585  Japan 


Abstract 

From  January  1998,  we  started  the  beam  test  of 
“AURORA-2S”  (A2S)  with  the  same  method  as  used  for 
“AURORA-2D”  (A2D)  and  were  able  to  accumulate 
0.7GeV-electron  beam  in  a  comparatively  short  period.  In 
the  mean  time,  though,  we  found  some  problems  while 
injection  which  were  serious  not  for  A2D  but  for  A2S.  In 
September  1998,  however,  we  have  succeeded  in 
managing  such  the  problems  and  obtained  the  following 
results  so  far;  more  than  1A  of  injected  current  with 
maximum  increasing  rate  of  640mA/min,  and  stored 
current  exceeding  the  specification  500mA  with  typical 
acceleration  efficiency  over  80%.  Since  then  the  A2S  has 
been  operated  without  any  serious  troubles,  in  February 
1999  the  integrated  current  exceeded  110A.H  and  the 
beam  lifetime  reached  150min  at  500mA.  Moreover  the 
acceleration  efficiency  increased  to  97%. 

1  INTRODUCTION 

“AURORA-2”  (A2)  is  a  new  type  compact  SR  source. 
The  outstanding  feature  lies  in  normal  conducting 
bending  magnets  excited  up  to  2.7  Tesla,  therefore 
operation  and  maintenance  of  the  ring  are  simplified  in 
the  results  compared  with  the  superconducting’sfl]. 

One  of  two  types  of  A2  is  “AURORA-2D”  (A2D)  for 
the  scientific  research.  A2D  has  two  long  straight  sections 
where  insertion  devices  can  be  installed.  A2D  is  at 
Hiroshima  University,  named  HiSOR,  with  two 
undulators  and  has  been  routinely  operated  since  1997 [2]. 

The  other  is  “AURORA-2S”  (A2S),  which  is  optimised 
for  the  industrial  use,  mainly  X-ray  lithography.  For  A2S 
the  straight  sections  are  shortened  and  the  whole  size 
becomes  as  small  as  possible.  A2S  is  designed  as  the  size 
of  the  electron  beam  keeps  uniformity  in  the  bending 
magnet,  therefore  it  can  provide  same  light  through  each 
port.  Furthermore  lead  and  polyethylene  surround  the 
whole  machine  for  radiation  shielding  so  that  the  wall  of 
the  machine  room  can  be  thinned. 

Parameters  of  A2S  are  summarised  in  Table  1  and  the 
schematic  view  is  shown  in  Fig.  1. 


Table  1  Parameters  of  AURORA-2S 


Energy:  Storage 

0.7 

GeV 

Injection 

0.15 

GeV 

Circumference 

10.97 

m 

Harmonic  number 

7 

RF  frequency 

191.2 

MHz 

Energy  Loss 

24.42 

keV/tum 

Tune:  horizontal 

1.46 

vertical 

0.73 

Natural  emittance 
Radiation  damping: 

527.6 

Tt  nm.rad 

horizontal 

2.13 

msec 

vertical 

2.10 

msec 

longitudinal 

1.04 

msec 

Touschek  life  time 

6.6 

hours 
(at  1A) 

KP  Cavity 


Figure  1 :  Schematic  view  of  AURORA-2S 


2  BEAM  TEST  OF  A2S 


2.1  Results  and  Problems  of  the  First  Beam  Test 

First  we  constructed  A2D  in  our  laboratory  and  made  a 
performance  test  in  1997.  After  obtaining  satisfactory 
results[3],[4]  the  A2D  was  reassembled  to  A2S. 

The  first  beam  test  was  started  from  January  1998  with 
the  same  method  of  beam  injection,  acceleration,  and 
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accumulation  as  used  for  A2D[3],  and  then  we  succeeded 
in  accelerating  the  electron  beam  up  to  0.7GeV  in  about  a 
week.  After  then  we  optimised  various  parameters  and 
finally  obtained  the  following  results[5]. 

•  Maximum  injection  current:  340  mA 

•  Maximum  stored  current  :  110  mA 

•  Acceleration  efficiency  :  70  % 

The  exciting  rate  of  the  main  magnetic  field  was  6A/s  in 
constant  and  the  time  during  excitation  was  about  2min. 

After  that,  however,  we  found  some  problems  while 
injection  which  were  serious  not  for  A2D  but  for  A2S  and 
we  could  not  get  better  performance.  The  problems  were 
as  follows; 

•  The  beam  could  not  be  injected  at  the  designed 
operation  point  (vx=1.46,  vy=0.73),  but  only  at  a 
different  point  (vx~1.3,  vy~0.8). 

•  The  instability  might  occur.  Changing  in  position  of 
the  tuners  in  the  cavity  could  diminish  it  a  little.  But 
it  was  powerless  in  the  rapid  varying  situation  such 
as  in  acceleration. 

•  Radiation  from  the  light  port  was  abnormally  intense. 
It  might  be  suggested  that  much  of  the  electron 
beam  were  lost  at  the  ion  clearer  in  the  bending 
magnet. 

2.2  Counterplans  to  the  Problems 

After  that  we  found  an  effect  of  the  perturbater  (PTB), 
which  is  a  kicker  magnet  for  injection,  with  a  simulation; 
such  that  during  the  excitation  of  PTB  the  circumference 
became  too  short  in  the  operation  at  the  designed  point, 
then  the  difference  between  the  revolution  time  and  the 
RF  cycle  grew  more  and  more,  at  last  it  reached  150 
degrees  in  RF  phase. 

To  correct  the  difference  we  tried  the  method  that  the 
frequency  modulation  (FM)  was  piled  up  on  the  RF  in  a 
series  of  pulses  simultaneously  with  the  excitation  of  PTB. 
The  shape  of  the  pulse  was  same  as  the  excitation  pattern 
of  PTB,  that  was  a  half-sine  wave  with  lpsec  width.  The 
width  of  FM  was  about  500kHz  at  the  peak. 

During  the  first  beam  test,  in  the  cavity  there  were  two 
tuners,  a  remote-controlled  and  a  manual-controlled. 
After  the  test  we  made  one  more  remote-controlled  tuner, 
therefore  we  had  been  able  to  control  two  tuners  remotely 
and  one  manually.  Moreover  we  made  the  speed  of 
motors  of  the  tuners  faster.  With  this  we  had  been  able  to 
operate  the  machine  in  wider  range  and  more  quickly. 

For  the  problem  of  the  intense  radiation  we  removed 
the  ion  clearer.  In  the  vacuum  chamber  whose  inner  half 
height  was  15mm,  the  ion  clearer  was  installed  with  a 
distance  of  4mm  from  the  bottom  of  the  chamber. 
Removing  it,  the  aperture  was  extended  from  26mm  to 
30mm. 

As  soon  as  we  started  the  second  beam  test  from 
September  1998,  we  found  the  effect  of  the 


reconstruction;  such  that  the  beam  could  be  injected  near 
the  designed  operation  point  and  the  injection  speed 
increased  extremely.  Then  we  succeeded  in  accumulation 
of  the  specification  500mA. 

Fig.  2  shows  the  behaviour  of  the  beam  when  the  FM  is 
on  (left)  or  off  (right).  They  were  observed  with  the  streak 
camera.  In  each  figure  the  ordinate  means  the  time  with 
120psec  full  scale  and  the  abscissa  means  the  horizontal 
deviation  of  the  beam  with  an  arbitrary  unit.  The  steep 
peak  on  the  upper  side  represents  the  moment  when  the 
PTB  was  excited.  In  FM-OFF,  a  large  oscillation,  which 
may  be  a  synchrotron  oscillation,  occurs  according  to  the 
excitation  of  PTB.  On  the  other  hand  in  FM-ON  the 
oscillation  is  inhibited. 


Q:  29  A 
FM:  ON 
Current:  270  mA 
PTB:  8.5  V 


Q:  29  A 


FM:  OFF 
Current:  280  mA 
PTB:  8.5  V 


RFLOW:  1000  RFLOW:  1000 

Figure  2:  Effect  of  frequency  modulation  on  RF 


In  the  second  beam  test  the  following  results  were 
obtained; 

•  Maximum  injection  current:  1020  mA 

•  Maximum  stored  current  :  >500  mA 

•  Maximum  injection  speed  :  640  mA/min 

•  Acceleration  efficiency  :  >80  % 

2.3  Routine  Operation 

In  November  1998  we  installed  a  new  cavity  and  a 
Landau  cavity.  They  will  be  mentioned  in  the  next  section. 
In  this  subsection  we  will  mention  the  third  beam  test. 

The  third  beam  test  started  from  February  1999.  The 
main  purposes  were  ageing  the  vacuum  chamber  and 
lengthening  the  lifetime.  To  make  an  ageing  efficiently 
the  integrated  current  was  needed  as  much  as  possible  in  a 
short  period.  So  we  needed  to  operate  the  machine 
without  stopping  in  the  test  period  and  therefore  some  of 
members  in  our  laboratory,  they  were  not  necessarily 
experts  on  the  operation,  were  needed  to  operate  it.  From 
November  1998  to  February  1999  we  made  an  effort  to 
simplify  the  operation  for  the  amateur  operators  but  not  to 
increase  the  stored  current  nor  to  research  the  effect  of  the 
new  and  the  Landau  cavities. 
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The  test  had  been  done  for  two  weeks  (272  hours)  with 
stored  current  of  500mA  routinely.  There  were  no  devices 
damaged  or  troubled  during  the  test,  so  we  could  make 
sure  the  high  reliability  of  A2S.  Finally  the  integrated 
current  exceeded  110A.H  (including  25A.H  before  the 
test)  and  the  lifetime*  reached  150min  at  500mA  and 
240min  at  300mA(see  Fig.3).  Moreover  the  injection 
efficiency  increased  to  more  than  97  %.  However  these 
were  not  satisfactory  results,  because  the  lifetime  was 
shorter  than  we  expected.  This  means  the  ageing  was  not 
enough.  In  fact  the  vacuum  pressure  in  the  main  cavity 
was  l.OxlO^Pa  at  500mA  and  was  an  order  of  magnitude 
higher  than  our  expectation.  To  reach  the  enough  vacuum 
pressure  and  the  satisfactorily  long  lifetime,  we  need 
more  several  hundreds  A.H  or  the  pumping  system  should 
be  reinforced. 


1  10  100  1000 
INTEGRATED  CURRENT  (A.H) 

Figure  3:  Integrated  current  and  lifetime 


Our  next  step  is  to  diminish  the  instability  with  the  new 
cavity  and  the  Landau  cavity,  and  to  achieve  the  upgraded 
goal,  1000mA  of  stored  current  at  0.7GeV. 


0  500  1000  1500  2000 

Frequency  [MHz] 


0  500  1000  1500  2000 


Frequency  [MHz] 

Figure  4:  Characteristics  in  frequency  with  the  old  (upper) 
and  the  new  (lower)  cavities 


3  NEXT  STEP 

With  the  above  test  the  performance  of  A2S  has  reached 
almost  full  specification.  But  there  still  exist  some 
problems.  One  of  them  is  the  existence  of  the  instability. 
We  can  still  observe  the  synchrotron  oscillation  occurs 
even  in  storing  beam  with  the  energy  of  0.7GeV.  Even 
under  the  instability  we  could  accumulate  the  beam  up  to 
500mA  and  the  light  from  the  ring  had  no  problems  for 
use,  however  it  might  disturb  trying  to  accumulate  the 
beam  more  than  500mA. 

The  instability  is  caused  by  a  higher  order  mode 
electromagnetic  field  (HOM)  in  the  cavity.  So  we 
designed  and  constructed  a  new  cavity,  which  had  less 
HOMs  than  the  old  cavity  had  (see  Fig.  4).  Moreover  also 
a  Landau  cavity  whose  fundamental  frequency  is  three 
times  higher  than  the  main  cavity’s  was  constructed.  The 
new  cavity  and  the  Landau  cavity  have  already  been 
installed  in  the  ring  in  November  1998. 
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#The  lifetime  ‘x’  is  defined  as  follows; 

x=-I/( dl/dt ) 
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Abstract 

The  machine  studies  and  improvements  for  the  HLS 
storage  ring  are  presented  here.  Since  1993  some  beam 
instabilities  such  as  head-tail  instability  and  bunch 
lengthening  as  well  as  beam-cavity  interaction  have  been 
observed  and  studied.  The  ion-trapping  phenomenon  is 
being  studied.  An  RF  knock  out  system  for  single  bunch 
or  for  non-uniform  filling  to  get  high  beam  current  has 
been  installed  into  the  ring  and  got  some  good  results.  A 
superconducting  wiggler  of  6  Tesla  and  an  optical 
klystron  (OK)  used  for  FEL  experiments  as  two  insertion 
devices  have  been  installed  into  the  HLS.  The  wiggler 
has  been  commissioned  and  got  more  than  100  mA  beam 
current.  In  order  to  make  further  improving  performance 
of  the  machine,  a  Phase-II  Project  is  going  on. 

1  INTRODUCTION 

The  HLS  (Hefei  Light  Source)  is  a  second  generation 
synchrotron  radiation  source.  It  consists  of  an  800  MeV 
storage  ring  and  a  200  MeV  linac  injector.  It  was 
constructed  in  1989  and  the  first  stored  beam  was  got  on 
April  26,  1989.  The  machine  commissioning  was 
completed  in  June  1991  [1]  .The  main  body  of  the  HLS  is 
a  storage  ring.  The  lattice  of  the  storage  ring  is  TBA 
structure[2].  It  is  a  separated  function  strong  focusing 
type.  The  circumference  of  the  ring  is  66.1308  meters.  Its 
critical  wavelength  is  24  A.  The  harmonic  number  is  45. 
There  are  four  periods  with  four  long  straight  sections  of 
3.36m  each.  A  superconducting  wiggler  of  6  Tesla  has 
been  installed  in  the  long  straight  section  that  the  RF 
cavity  had  occupied.  An  optical  klystron  has  also  been 
installed  in  the  another  long  straight  section  of  the  ring. 

The  lattice  of  the  storage  ring  has  two  different 
operating  configurations:  (1)  GPLS  (General  Purpose 
Light  Source);  (2)  HBLS  (High  Brilliance  Light  Source). 
The  configuration  of  GPLS  is  in  routine  operation  now; 
the  HBLS  is  a  low  emittance  configuration  (ex=13.5  nm), 
because  of  some  difficulties  for  injection,  is  not  in 
operation  yet.  But  after  the  Phase-II  project,  the  injection 
system  will  be  rebuilt,  the  HBLS  configuration  will  be 
put  in  operation. 

2  MACHINE  STUDIES 

We  have  carried  out  some  beam  instabilities  research  in 
FILS  storage  ring.  It  includes  head-tail  instability,  bunch 
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lengthening  and  energy  spread  widening,  beam-cavity 
interaction,  etc.  The  ion  trapping  is  being  studied. 

2.1  Head-tail  Instability 

The  current  threshold  of  the  head-tail  instability  of  the 
HLS  storage  ring  that  calculated  by  Sacherer  formula  is 
about  40  pA  per  bunch  only,  but  actual  current  threshold 
of  head-tail  instability  in  HLS  storage  ring  that  measured 
is  about  2.1  mA  per  bunch.  The  experimental  value  is 
about  50  times  larger  than  the  theory  value.  After 
researched,  we  found  that  the  clearing  electrodes  existing 
in  the  vacuum  chamber  played  the  role  of  the  Landau 
damping[3].  There  are  17  clearing  electrodes  distributed 
along  the  vacuum  chamber  of  the  whole  storage  ring  in 
order  to  eliminate  the  ion  trapping.  They  are  added  DC 
voltage  of  800-1000  volts.  They  will  produce  an  electric 
field  of  dipole,  quadrupole,  sextupole,  octupole,  etc.  The 
octupole  component  would  produce  a  tune  spread  about 
lxlO'3  in  the  betatron  oscillation  of  the  particles  in  a 
bunch.  The  tune  spread  will  stabilize  the  beam  by 
Landau  damping,  and  increase  the  current  threshold  of 
the  head-tail  instability. 

2.2  Bunch  Lengthening  and  Energy  Spread 
Widening 

The  bunch  lengthening  and  energy  spread  widening  were 
observed  in  the  HLS  storage  ring.  The  bunch  length  was 
measured  by  a  digital  oscilloscope  of  20  GHz.  The 
energy  spread  was  measured  by  decreasing  the 
longitudinal  acceptance  via  lowering  the  RF  voltage  until 
the  longitudinal  quantum  lifetime  becomes  dominant. 
Then  we  can  get  the  energy  spread  from  measured 
quantum  lifetime  and  the  height  of  the  RF  bucket.  The 
experiment  results  show  that  as  the  current  increase  from 
several  mA  to  130  mA,  the  bunch  length  (as)  has  a 
lengthening  from  3.8  cm  to  10.33  cm.  The  experiment 
results  also  show  that  the  energy  spread  widening 
occurred  at  about  0.2  mA  per  bunch,  which  is  the  current 
threshold  of  the  longitudinal  instability.  While  the  beam 
current  reached  2  mA  per  bunch,  the  energy  spread  from 
4.6xl0'4  goes  up  to  5  xl0'4[4]. 

2.3  Beam-Cavity  Interaction 

Research  of  the  beam-cavity  interaction  in  the  HLS 
storage  ring  has  gotten  some  progress.  Two  kinds  of 
longitudinal  oscillation  of  the  beam  were  observed  in 
HLS  storage  ring.  The  frequency  of  the  first  one  is 
875.11  MHz,  and  the  second  one  is  1541  MHz.  They  are 
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excited  by  the  two  HOMs  (High  Order  Modes)  of  the 
TM012  and  TM032  of  the  RF  cavity  respectively  [4].  The 
storage  ring  working  at  800  MeV,  we  did  not  observe 
beam  loss  due  to  the  above  two  longitudinal  oscillations. 
But  in  the  case  of  injection  at  200  MeV,  we  found  the 
longitudinal  oscillation  induced  by  TM012  mode  is 
dependent  on  the  tuner  position.  If  the  tuner  position  is  at 

25.4  mm,  the  longitudinal  oscillation  of  frequency 
875.11  MHz  is  so  strong  that  the  beam  accumulating  is 
very  difficult,  and  energy  ramping  from  200  MeV  to  800 
MeV,  the  beam  may  be  lost.  In  this  case,  we  can  keep  the 
tuner  position  off  25.4  mm,  and  the  injection  has  no 
problem. 

2.4  Ion  Trapping  Phenomenon 

The  ion  trapping  is  being  studied.  It  causes  tune  shift  of 
betatron  oscillation  and  beam  blow-up  in  transverse 
direction.  The  tune  shift  was  measured  for  beam  current 
of  100  mA  as  Av=0.0015  for  vertical  direction  and 
corresponding  neutralization  factor  is  0.6%.  There  are 
two  types  of  ion  clearing  electrodes  in  the  storage  ring. 
One  of  them  is  DC  clearing  electrode  used  to  overcome 
attraction  of  beam  potential  to  ions,  the  other  is  RF 
clearing  electrode  used  to  shake  ions  away  from  beam 
orbit.  The  measurement  shows  that  the  minimum 
clearing  voltage  is  about  350V  and  the  corresponding 
electric  field  is  46  V/cm  for  DC  clearing  electrode  (for 
beam  current  of  77  mA).  For  RF  clearing  electrode,  the 
best  shaking  frequency  lies  in  1.4- 1.6  MHz  range  for 
CO+  ions.  In  addition,  we  found  that  the  partial-filling 
injection  modes  can  also  overcome  ion  trapping.  This 
study  is  being  continued. 

3  MACHINE  IMPROVEMENTS 

3.1  Miscellaneous  Improvements 

We  have  made  a  beam  profile  monitor  of  the  storage 
ring,  in  order  to  measure  beam  cross-section  and  beam 
emittance.  The  monitor  is  composed  of  an  imaging 
optical  system  and  CCD  TV  camera.  The  image  of  the 
profile  is  displayed  in  the  central  control  room  [5].  We 
remade  the  cooling  water  loop  for  the  bending  magnets 
so  that  the  local  over-heating  phenomena  have 
disappeared.  We  have  made  a  RF  knock  out  (RFKO) 
system  for  single  bunch  research.  The  Hefei  machine  is 
usually  operating  at  the  multiple  bunches  configuration. 
There  are  totally  45  bunches  in  the  storage  ring.  In  order 
to  satisfy  requirements  of  time-resolved  spectroscopy 
experiments  and  machine  studies,  the  storage  ring  must 
operate  in  different  configurations  of  single  bunch,  3 
bunches,  5  bunches,  etc.  From  1994,  the  R  &D  of  an  RF 
knock  out  (RFKO)  system  began.  A  prototype  of  RFKO 
has  been  completed  now.  Preliminary  test  has  been 
carried  out.  The  current  of  single  bunch  reached  30  mA 
in  the  storage  ring.  Using  the  RFKO  system  can  achieve 


to  fill  a  part  of  the  buckets  to  avoid  multi-bunch 
instability  and  increase  beam  current.  The  maximum 
current  reached  350  mA. 

The  other  up-grade  and  improvement  plans  will  put  in 
the  phase-II  project. 

3.2  Superconducting  Wiggler 

In  order  to  extend  the  spectrum  range  of  HLS  from  VUV 
to  hard  X  ray,  a  6T  superconducting  wiggler  of  one 
period  with  three  poles  was  designed  in  1994-1995, 
constructed  in  1996,  completed  in  1997.  It  includes  a 
main  body  of  superconducting  wiggler  magnet  and 
cryostat  system,  power  supplies  system,  control  system, 
helium  gas  recovery  system,  special  vacuum  chamber, 
etc.  All  of  them  were  completed  at  the  end  of  1997.  In 
the  beginning  of  1998,  the  wiggler  was  installed  into  the 
HLS  storage  ring.  In  March  of  1998,  the  wiggler  was 
preliminary  commissioned  with  beam,  and  got  a  beam  of 
more  than  100  mA  at  800  MeV  in  the  storage  ring.  The 
peak  value  of  the  magnetic  field  of  the  wiggler  reached 
6.04  Tesla.  The  magnetic  field  ramp  of  the  wiggler  from 
zero  to  6  Tesla  spent  6  minutes,  the  rise  speed  is  1 
T/min,  and  did  not  occur  quench  phenomenon.  From 
October  to  December  1998,  the  superconducting  wiggler 
and  the  XAFS  beam  line  as  well  as  experimental  station 
were  commissioned  in  combination  and  tested  for  45 
days,  with  the  wiggler  of  6  Tesla  in  successful  operation. 
The  specification  of  the  wiggler  is  listed  in  table  1. 


Table  1  Specification  of  the  superconducting  wiggler 


Specification 

Designed 

Measured 

Peak  field 

6  Tesla 

6.04  Tesla 

Main  current 

460  A 

462  A 

Compensation  current 

<20  A 

<5  A 

Field  wavelength 

200  mm 

188  mm 

Beam  tube  size  (HxV) 

90x24  mm2 

90x24  mm2 

Ramping  rate 

1  T/min 

1  T/min 

Critical  wavelength 

4.85  A 

4.82  A 

The  main  body  of  the  superconducting  wiggler 
magnet  with  cryostat  was  manufactured  by  Kurchatov 
Institute  in  Russia.  The  coils  of  the  wiggler  were  made 
of  Nb-Ti.  The  liquid  He  consumption  is  25-30  liters  per 
day.  The  performance  of  the  wiggler  satisfies  design 
requirement.  The  wiggler  is  located  on  a  long  straight 
section  at  the  down  stream  of  the  RF  cavity.  It  will 
induce  tune  (vx,  vy)  shift  and  closed  orbit  distortion  as 
well  as  dynamic  aperture  reduction.  The  calculation 
results  show  that  the  Py^  will  rise  from  13m  to  32m  and 
vy  will  shift  from  2.58  to  2.678,  that  is  near  the  1/3 
resonant  line.  The  particle  tracking  shows  that  the 
dynamic  aperture  has  been  changed  so  much  that 
injecting  and  storing  beam  is  impossible.  Therefore  the 
lattice  parameters  must  be  compensated  [6].  During  the 
preliminary  commissioning,  we  adjust  two  sets  of 
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quadrupole  to  reduce  the  vy  from  2.68  to  2.61  to  avoid 
the  1/3  resonant  line. 

3.3  FEL 

A  pure  permanent  magnets  Optical  Klystron  (OK)  has 
been  designed  and  constructed  for  Storage  Ring  FEL.  It 
will  be  used  for  the  coherent  harmonic  generation  (CHG) 
experiments  firstly.  The  total  length  of  the  OK  is  1.944 
m.  It  consists  of  three  sections,  one  dispersion  section 
and  two  undulator  sections.  Each  undulator  section  is 
consists  of  12  periods  with  period  length  72  mm.  The 
two  undulator  sections  are  identical.  The  magnetic  field 
is  0.3  Tesla  with  gap  40  mm.  Between  the  two  undulator 
sections  is  a  dispersion  section  of  216  mm,  one  period. 
The  magnetic  field  of  the  dispersion  section  is  0.6  Tesla 
with  gap  40  mm.  They  are  assembled  in  a  frame.  The 
gap  of  three  sections  can  be  adjusted  independently  from 
36mm  to  140  mm.  The  Optical  Klystron  has  been 
installed  into  the  storage  ring  and  commissioned.  The 
experiments  of  spontaneous  radiation  have  been  carried 
out.  The  measured  modulation  factor  of  the  spontaneous 
radiation  spectrum  is  increased  from  0.236  initially  to 
0.76.  The  further  more  work  will  be  continued. 

4  PHASE-II  PROJECT 

The  Hefei  Light  Source  was  built  in  1989.  A  series  of 
important  experiments  have  been  completed  at  five 
stations,  but  some  defects  of  the  machine  have  also  been 
exposed.  In  addition,  the  five  existing  beamlines  and  five 
experiment  stations  are  obviously  insufficient  for  such  a 
dedicated  light  source,  so  a  phase-II  project  was  proposed 
in  1994.  The  main  contents  of  the  project  are  rebuilding 
and  improving  some  parts  or  equipment  of  the  machine, 
and  adding  8  beamlines  and  8  experiment  stations.  This 
project  was  approved  by  the  government  in  1996.  It  has 
been  put  into  practice  from  FY  1997  and  finished  by 
2001.  The  total  budget  is  about  US$14  million.  The  main 
contents  of  the  phase-II  project  include: 

4.1  Machine  Improvement 

(1)  RF  system:  Make  a  new  RF  cavity  and  a  new  RF 
power  supply.  The  cooling  loop  of  the  new  cavity  will  be 
more  reasonable  and  the  frequency  tuning  capability  will 
be  larger  than  the  old  one.  The  RF  power  of  the  new 
transmitter  will  be  larger  than  the  old  one. 

(2)  Injection  equipment:  Use  thyratrons  for  pulse  switch 
of  the  kicker  power  supply  instead  of  the  spark  gap  of  the 
old  one.  Put  four  kickers  in  the  same  straight  section  for 
injection  instead  of  the  three  kickers  in  the  three  straight 
sections  of  the  former  injection  scheme. 

(3)  Power  supplies  for  magnets:  There  are  180  DC  power 
supplies  for  the  magnets  of  the  storage,  transport  line  and 
linac.  40-50  DC  power  supplies  need  to  be  replaced  with 
new  ones,  because  some  of  them  are  not  stable,  and  some 
of  them  are  at  high  fault  rate. 


(4)  Vacuum  chamber  of  the  storage  ring:  Nonevaporable 
Getters  (NEG)  will  be  put  in  the  downstream  of  each 
bending  vacuum  chamber  to  reduce  dynamic  pressure 
gradient  of  the  storage  ring  vacuum  chamber.  Use 
hydraulic  pressured  bellows  instead  of  the  welded 
bellows.  Increase  vacuum  monitoring  points. 

(5)  Control  system  and  beam  diagnostic:  The  original 
control  system  has  no  shared  database  and  has  little 
communication  between  microcomputers.  The  goal  of 
updating  this  system  is  set  up  a  local  network  consisting 
of  two  working  stations,  some  servers  and  PCs.  Set  up  a 
database.  Improve  beam  diagnostic  system,  and  enhance 
its  function  of  failure  judgment. 

(6)  Linac:  Use  a  3  GHz  solid  microwave  source  to  drive 
high  power  klystron  instead  of  the  medium  power 
klystron.  Improve  the  I/4>/A  unit,  and  improve  the 
energy  monitor  and  feedback  system,  etc. 

(7)  Undulator:  Plan  to  set  up  a  permanent  magnet 
undulator  as  an  insertion  device.  Its  wavelength  range 
will  be  from  100  A  to  2000  A.  The  brilliance  of  the 
undulator  radiation  will  be  higher  than  the  bending 
magnet  radiation  by  two  to  three  orders. 

4.2  Construction  of  8  New  Beamlines  and  8  New 
Experiment  Stations 

(1)  Surface  Physics  (with  angle-resolved  photoemission); 

(2)  X-ray  diffraction  and  scattering; 

(3)  LIGA  technique; 

(4)  Atomic  and  molecular  physics; 

(5)  Photo-acoustic  and  Photo-thermal  spectroscopy; 

(6)  Infrared  and  far  infrared  spectroscopy; 

(7)  Soft  X-ray  magnetic  circular  dichroism; 

(8)  Spectral  radiation  standard  and  metrology. 
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Abstract 

Beam  orbit  stability  has  been  one  of  the  major 
accelerator  improvement  programs  at  the  SRRC  since  the 
storage  ring  started  to  be  operational  in  1993.  In  the  past 
several  years,  several  tasks  have  been  carried  out  to 
tackle  the  orbit  stability  problems,  e.g.,  the  air  and 
cooling  water  temperature  regulation,  the  electrical  and 
electronic  noise  reduction,  the  orbit  feed-forward  and 
feedback  systems,  etc.  This  paper  presents  the  current 
status  of  the  beam  orbit  stability  at  the  SRRC  storage 
ring  TLS. 

1  INTRODUCTION 

The  Taiwan  Light  Source  (TLS)  of  the  SRRC  has  been 
operated  successfully  for  more  than  5  years.  In  the 
meantime,  a  number  of  accelerator  developments  have 
been  instrumented  and  commissioned  in  order  to  upgrade 
the  performance  of  the  light  source  operation  so  that  it  can 
provide  a  stable,  high  quality  synchrotron  radiation  light 
source  to  the  user.  These  include  the  installation  of  the 
insertion  devices  and  orbit  feedback  systems,  the  increase 
of  the  beam  energy  to  1.5  GeV,  suppression  of  the 
mechanical  vibration  sources  and  electrical  noises, 
stabilization  of  the  air  conditioning  and  water  cooling 
temperature,  cure  of  the  coupled-bunch  instabilities.  The 
orbit  stability  is  of  primary  importance  for  the  light  source 
users.  In  this  report,  we  describe  the  recent  status  of  the 
beam  orbit  stability  at  TLS. 

2  IMPROVEMENT  OF  THE  WATER  AND  AIR 
TEMPERATURE  CONTROL 

An  intensive  study  and  upgrade  activity  of  the  TLS  water 
temperature  control  units  as  well  as  air  temperature 
handling  units  in  the  past  two  years  results  in  a  quite 
remarkable  improvement  for  the  daily  usage  of  the 
systems.  [1,2]  The  typical  variation  in  the  normal 
operation  days  could  be  kept  within  ±1°C  for  the  air 
temperature  in  the  storage  ring  tunnel.  The  outlet 
temperature  for  the  cooling  water  temperature  systems 
could  also  be  held  within  ±2°C.  However,  it  was  found 
that  after  a  long  shut-down  the  air  temperature  in  the 
tunnel  would  take  several  hours  or  even  a  few  days  to  get 
in  an  equilibrium  state.  It  was  also  observed  that  after 
such  a  long  shut  down,  the  ring  circumference  decreased  1 


mm  or  so.  To  keep  the  orbit  constant,  we  also  performed 
the  tuning  of  the  radio  frequency  in  the  daily  operation  of 
the  storage  ring.  The  aluminum  beam  pipe  of  the  storage 
ring  is  water  cooled  in  the  synchrotron  radiation  side.  It 
was  noticed  that  the  temperature  variation  of  the  beam 
pipe  demonstrated  a  strong  correlation  with  the  beam  orbit 
changes.  The  inlet  temperature  changes  as  well  as  the 
operation  beam  current  caused  the  temperature 
fluctuations  of  the  beam  pipe.  Figure  1  shows  the  inlet  and 
outlet  temperature  of  the  aluminum  water  system,  and 
beam  pipe  temperature  in  a  test  run.  Notice  that  the  initial 
stored  current  after  refill  was  200  mA.  The  beam  orbit 
changes  from  beam  position  monitors  in  a  test  run  are 
given  in  Figure  2.  To  reduce  the  water-temperature- 
dependent  orbit  change,  we  optimized  the  water  control 
settings  and  as  a  consequence  beam  orbit  oscillation  was 
suppressed. 


Tim  q  leor*\ 


Figure  1:  Water  temperature  (lower)  and  beam  pipe 
temperature  (top)  in  a  test  run. 
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Figure  2(a):  Horizontal  orbit  at  one  BPM  with  the 
condition  given  in  Figure  1 . 
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Figure  2(b):  Vertical  orbit  at  one  BPM  with  the  condition 
given  in  Figure  1 . 

3  MECHANICAL  AND  ELECTRICAL  NOISE 

Mechanical  vibration  such  as  air  cooling  fan  at  18  Hz  was 
observed  couple  years  ago  which  induced  beam 
oscillations  in  a  few  microns.  This  noise  source  has  been 
eliminated  and  the  fast  beam  orbit  oscillation  thus  was 
within  an  acceptable  level.  Notice  that  during  the  users 
operation  mode,  the  crane  around  the  experimental  hall  is 
not  allowed  to  move  because  its  motion  induces  beam 
orbit  change  as  shown  in  Figure  3(a)  and  3(b).  Although 
the  fast  feedback  system  can  correct  the  beam  orbit,  the 
photon  beam  line  components  are  still  susceptible  to  this 
mechanical  motion. 


Electrical  noise  from  the  magnet  power  supply  was  well 
under  control  and  it  seemed  to  be  not  a  major  contribution 
to  the  orbit  variation. 
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Figure  3(a),  3(b):  Crane  motion  induced  beam  orbit 
change.  The  crane  moves  around  the  experimental  hall  for 
one  turn. 

4  INSERTION  DEVICE  EFFECTS 

In  the  operation  of  the  insertion  devices,  we  need  to 
change  the  magnetic  gaps  and  the  residual  orbit  thus  is 
perturbed.  To  compensate  such  an  orbit  perturbation,  the 
end-corrector  strengths  of  the  insertion  devices  are  pre-set 
in  the  look-up  tables.  With  such  settings,  the  rms  orbit 
perturbation  could  be  reduced  to  a  few  microns  as 


illustrated  in  Figure  4(a)  and  4(b).  Since  the  current 
dependent  BPM  offset  may  contribute  to  the  residual  orbit 
readings.  We  have  measured  the  current-dependent  orbit 
readings  using  a  scraper  to  reduce  the  beam  current  from 
200  mA  to  100  mA  in  5  minutes  and  it  showed  that  it 
could  be  varied  by  1 0  pm  or  so.  In  the  slow  orbit  feedback 
operation,  these  offsets  were  taken  into  account  in  the 
orbit  data. 


X  Orbit  Distortion  (inbound) 


Y  Orbit  Distortion  (outbound) 


Figure  4(a),  4(b):  Residual  orbit  of  the  ring  as  a  function 
of  the  magnetic  gap  of  one  insertion  device  U5. 

5  SLOW  ORBIT  CORRECTION 

We  have  built  a  workstation-based  slow  orbit  correction 
system.  The  bandwidth  is  about  0. 1  Hz  in  both  planes.  We 
used  almost  all  valid  BPMs  and  correctors  in  the 
calculation  of  the  correction  matrix.  Micado  method  was 
employed  and  only  5  most  useful  correctors  were  selected 
in  the  correction  in  both  planes.  Figure  5(a)  and  5(b) 
depict  the  orbit  with  and  without  turning  on  the  slow  orbit 
correction  system.  Note  that  in  this  measurement,  the  fast 
orbit  feedback  system  was  off.  It  showed  that  the  residual 
orbit  drift  could  be  down  to  less  than  2  micron  (the  BPM 
readings  were  averaged  100  times). 

6  FAST  ORBIT  CORRECTIONS 

Digital  global  orbit  feedback  system  has  been 
implemented  in  the  routine  operation  in  the  TLS.  [3]  The 
overall  bandwidth  of  the  system  is  about  10  Hz.  Due  to 
the  lack  of  enough  DSP  processors,  we  can  now  only  use 
a  limited  number  of  BPMs  and  correctors  for  both 
horizontal  and  vertical  orbit  planes.  Presently,  we 
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Figure  5(a),  5(b):  Several  BPM  reading  drifts  with  (right- 
hand  side)  and  without  (left-hand  side)  turning  on  slow 
orbit  corrections. 


emphasize  the  orbit  correction  in  the  vertical  plane. 
However,  in  some  demanding  photon  beam  lines,  we  need 
to  steer  orbit  locally  in  both  planes. 

We  used  SVD  method  to  calculate  the  eigen-values  of  the 
corresponding  corrector  strengths.  The  achievable 
suppression  level  of  the  orbit  fluctuation  was  10  pm.  As  a 
matter  of  fact,  the  orbit  noise  spectrum  revealed  that  it 
was  buried  in  the  BPM  resolution  region  in  a  very  short 
period,  say  1  Hz.  Therefore,  at  present,  we  optimized  the 
system  bandwidth  in  the  low  frequency  region  in  favor  of 
the  suppression  of  the  temperature-induced  orbit  drift. 
However,  for  the  operation  of  insertion  gap  change  as 
well  as  the  EPBM  photon  beam  line,  which  was 
constantly  generating  angular  bump,  we  do  need  to  tune 
the  system  to  a  wider  bandwidth,  say  a  few  Hz. 

7  OPERATION  ACHIVEMENT  AND  FUTURE 
UPGRADE 

In  the  daily  operation  in  the  user  shifts,  we  turned  on  the 
fast  orbit  feedback  system  in  the  vertical  plane  and 
sometimes  the  horizontal  fast  feedback  system  as  well. 
The  system  bandwidth  was  usually  tuned  to  the  low 
frequency  part  and  the  workstation-based  slow  orbit 
correction  system  did  not  help  too  much.  In  figure  6(a) 
and  6(b),  we  randomly  choose  the  recent  typical  orbit  data 
in  the  user  shift.  These  BPMs  are  located  at  both  upstream 
and  downstream  of  the  wiggler  photon  beam  line.  The 
BPM  data  are  obtained  from  the  ILC  local  signal 
processor  and  these  are  not  averaged.  As  shown  in  figure 
6(a),  the  horizontal  orbit  drift  is  about  10  micron  in  the 
first  one  hour  after  injection  and  then  stay  within  5  micron 
for  the  rest  of  the  run  in  an  8-hour  shift.  In  figure  6(b),  the 
vertical  orbit  can  be  held  within  10  micron  in  an  8-hour 
shift,  and  the  orbit  changes  between  refill  are  also  within 
10  micron. 


In  the  future  operation,  we  will  strengthen  the  horizontal 
plane  and  we  will  also  incorporate  the  photon  BPM  data 
as  well  as  many  local  feedback  systems  in  a  package.  The 
slow  orbit  correction  could  also  be  integrated.  The 
mechanical  rigidity  will  be  examined.  The  full  energy 
injection  will  be  implemented  soon.  We  will  replace  the 
exiting  RF  cavity  with  HOM-free  ones  to  reduce  coupled- 
bunch  instability  as  well  as  orbit  stability.  The  last,  but  not 
the  least,  the  water  cooling  and  air  temperature  control 

will  be  further  improved. 

0.02 


£  .0.01 
o 

a 

C  -0.02 

5 

■*=  -0.03 

-0.04 

•0.05 

8  »  10  11  12  13  14  15  16 

Tim*  (hour) 

Figure  6(a):  Typical  horizontal  orbit  drift  in  one  user  shift 
for  the  BPM  located  at  both  upstream  and  downstream  of 
a  wiggler  beam  line. 
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Figure  6(b):  Typical  vertical  orbit  drift  from  the  BPM 
readings  (without  averaging)  near  a  wiggler  beamline.  The 
orbit  drift  can  be  kept  in  10  micron  range  and  the  refill 
causes  a  shift  of  orbit  by  10  micron  too. 
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Abstract 

Tum-by-tum  beam  position  monitors  and  phase  detector 
have  been  implemented  recently  for  Taiwan  Light 
Source  (TLS).  Transverse  as  well  as  longitudinal  phase 
space  has  been  explored  using  tum-by-turn  beam 
position  and  phase  measurement  in  single  bunch  mode. 
Single  bunch  longitudinal  beam  transfer  function 
measurement  is  also  performed  with  various  excitation 
amplitudes.  Preliminary  results  of  these  experiments  are 
summary  in  this  report. 

1.  INTRODUCTION 

Phase  space  portrait  is  useful  tools  in  nonlinear  beam 
dynamic  study  [1][2][3][4].  A  six-dimensional  phase 
space  monitors  is  implemented  to  study  turn-by-tum 
beam  dynamics  in  Taiwan  Light  Source  (TLS).  This 
tools  is  also  useful  as  an  on-line  diagnostic  tool  for  TLS. 
Longitudinal  beam  transfer  function  (BTF)  measurement 
is  a  standard  diagnostic  method  and  extensive  study 
recently  [5]  [6].  Experimental  setup  is  implemented  to 
measure  longitudinal  beam  transfer  function  in  TLS. 
Preliminary  transverse  phase  space  and  longitudinal  BTF 
measurement  are  performed.  Systematic  study  will 
follow  soon.  These  tools  will  use  to  study  various  issues 
of  non-linear  dynamics  at  TLS  in  near  future. 

2.  TOOL  DESCRIPTION 

A  six-dimensional  phase  space  monitor  includes  two  sets 
of  BPMs  to  measure  horizontal  position  and  angle,  two 
BPMs  to  measure  vertical  position  and  angle.  One  BPM 
located  at  dispersion  region  is  used  to  extract  momentum 
error,  a  phase  detector  to  observe  the  energy  oscillation. 
Log-ratio  processors  are  implement  to  measure  turn-by- 
tum  beam  position  [7],  Beam  phase  is  extracted  by  phase 
detector.  The  raw  data  is  recorded  by  multi-channels  128 
kW/256  kW  transient  digitizer  located  at  VME  crate. 
Functional  block  diagram  is  shown  in  Fig.l.  The  server 
software  on  VME  crate  is  in  charge  of  data  acquisition. 
Client  software  running  in  control  console  is  used  to 
access  raw  data,  to  analysis  and  to  display  result.  The 
data  acquire  is  synchronize  with  revolution  clock. 
Memory  depth  of  transient  digitizer  limited  record 
length. 


Figure  1.  Block  diagram  of  6-dimensional  phase  space 
monitor. 

Longitudinal  BTF  is  measured  by  using  phase  detector 
and  RF  phase  modulation.  Dynamic  signal  analyzer 
(DSA)  worked  in  swept-sine  mode  is  used  to  acquire 
BTF  directly.  The  DSA  is  connected  to  control  system 
via  GPIB  to  ethernet  adapter.  The  data  acquisition 
operates  automatically.  Experimental  setup  is  shown  in 
Fig.  2  for  longitudinal  BTF  measurement. 


Figure  2.  Experiment  setup  of  longitudinal  beam  transfer 
function  measurement. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2412 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


3.  TRANSVERSE  PHASE  SPACE 
EXPLORATION 

Transverse  tum-by-tum  beam  position  was  processed 
by  newly  installed  log-ratio  processors  and  digitized  by 
digitizers.  Only  horizontal  plane  is  presented  in  hear  due 
to  easily  in  beam  excitation.  One  of  an  injection  kicker  is 
used  to  excite  the  stored  beam.  Preliminary  study  is  done 
near  4Vx  =  29,  5Vx  =  36,  6Vx  =  43.  Fig.  3  shown  the 
stored  beam  is  kick  about  1  mrad,  and  tune  close  to  4th 
order  resonance.  The  damping  is  strong.  When  tune 
closed  to  5th  order  resonance,  tum-by-turn  beam 
position  is  shown  in  Fig.  4.  Phase  space  plot  of  near  5th 
resonance  with  slightly  difference  in  tune  shown  in  Fig. 
5,6,7.  Phase  space  portrait  near  6th  order  resonance 
shown  in  Fig.  8. 

Since  the  injection  kicker  pulse  is  a  1.5  psec  half¬ 
sine,  it  will  affect  up  to  four  turns  of  the  stored  beam. 
Effective  kick  strength  is  difficult  to  estimate  if  kicker 
fire  asynchronous  with  the  bucket  address  of  the  stored 
bunch.  Synchronous  kicker  trigger  with  revolution  clock 
will  be  added  in  next  study.  The  storage  ring  does  not 
have  vertical  kicker.  Vertical  excitation  can  be  done  by 
resonance  excitation  at  this  moment.  Applied  vertical 
betatron  frequency  burst  to  beam  excitation  system  can 
excite  vertical  betatron  oscillation.  However,  the 
experiment  is  inconvenient  slightly. 

Experiments  report  in  here  is  still  in  its  infancy.  There 
are  some  inconvenience  was  found  during  the 
experiment.  Various  on-line  tools  will  be  development  to 
provide  a  convenient  environment  for  study.  The  tools 
will  provide  beam  position  versus  turn  display,  shown 
tune  immediately,  record  related  machine  parameters 
with  the  measured  data, ...  etc. 


x(mm) 

Figure  3:  Horizontal  phase  space  portrait  near  4Vx  =  29 
resonance. 
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Figure  4:  Horizontal  beam  position  evolution  near  5Vx  = 
36  resonance. 
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Figure  5:  Horizontal  phase  space  portrait  near  5Vx  =  36 
resonance. 
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Figure  6:  Horizontal  phase  space  portrait  near  5Vx  =  36 
resonance. 
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Figure  7:  Horizontal  phase  space  portrait  near  5Vx  =  36 
resonance. 
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Figure  8:  Horizontal  phase  space  portrait  near  6Vx  =  43 
resonance. 
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4.  LONGITUDINAL  PHASE  SPACE 
OBSERVATION 

With  the  longitudinal  phase-space  monitor,  both  the 
phase  oscillation  and  momentum  deviation  can  be 
simultaneously  observed.  The  measurement  was  done 
under  the  single-bunch  operation  with  RF  phase 
modulation.  Longitudinal  phase  space  is  performed  by 
using  the  phase  detector  and  a  BPM  located  at  dispersion 
region.  Tum-by-tum  momentum  error  is  extracted  by 
deduce  from  relationship  Ap/p  =  Ax/r|.  Preliminary 
measured  results  are  shown  in  Fig.  9.  The  data  is  slightly 
noisy.  Performance  of  the  monitor  should  improve 
further. 


•4  -a  -2  .|  0  I  2  1  « 
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Figure  9:  Longitudinal  phase  space  portrait  with  RF 
phase  modulation.. 

5.  LONGITUDINAL  BEAM  TRANSFER 
FUNCTION  MEASUREMENT 

Preliminary  longitudinal  BTF  is  measured  also.  Fig. 
10  is  shown  longitudinal  BTF  of  a  typical  sweep  in  linear 
regime,  resonance  occurs  at  synchronous  frequency  and 
the  phase  shift  180  degrees  at  resonance. 


(b)  Phase  response 

Figure  10:  Typical  longitudinal  beam  transfer  function. 

First  experiment  is  performed  on  the  topics  of 
excitation  amplitude  dependent  BTF.  Longitudinal  BTF 
have  been  studied  intensively  by  J.  Byrd  [5][6]  in  ALS. 
However,  further  study  is  helpful  to  investigate  the  usage 
of  longitudinal  BTF.  In  this  report  we  measure 
longitudinal  BTF  by  vary  excitation  amplitude.  BTF  of 
upward  and  downward  sweep  is  recorded.  Preliminary 
experiment  data  is  shown  in  Fig.  11.  Hysteresis  effect  is 
prominence  that  is  a  typical  behavior  of  nonlinear 
system.  Notch  occur  at  the  low  frequency  side  in  the 


magnitude  response  of  BTF  is  due  to  out  of  phase  in 
inner  and  outer  beamlet  oscillation  [5],  and  phase 
detector  cannot  detect  the  signal. 


Figure  11:  Longitudinal  beam  transfer  function  with 
various  excitation  level;  (a)  upward  sweep,  (b)  downward 
sweep. 

6.  SUMMARY 

A  six-dimensional  phase  space  monitor  is 
implemented  in  SRRC  recently.  Preliminary  nonlinear 
beam  dynamic  experiments  is  on  going.  We  have  been 
performed  transverse  phase  space  experiments  near  4Vx  = 
29 , 5Vx  =  36 , 6Vx  =  43  resonance.  Third  order  resonance 
experiment  is  in  study.  Simulation,  analysis  measured  data 
and  improves  the  performance  of  the  monitor  is  current 
efforts.  Further  study  for  amplitude  dependent  tune  shift 
and  phase  space  trajectories  near  nonlinear  resonance  will 
perform  in  next  step.  Preliminary  longitudinal  BTF 
performed  also.  Analysis  acquired  BTF  data  and  prepared 
next  experiment  is  underway. 
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Abstract 

The  Taiwan  Light  Source  (TLS)  is  a  third-generation, 
synchrotron  light  source  located  at  the  Synchrotron 
Radiation  Research  Center  (SRRC)  in  Taiwan.  The  TLS 
is  now  operating  routinely  for  user  experiments,  and  the 
highest  priorities  are  increasing  user  beam  time, 
increasing  machine  reliability,  and  improving  the 
stability  of  the  stored  electron  beam.  Many  current 
machine  upgrades  are  intended  to  improve  beam  stability: 
the  longitudinal  feedback  system,  orbit  feedback  systems, 
radiofrequency-system  improvements  (better  higher- 
order-mode  performance),  and  utilities  upgrades.  In 
addition,  a  major  improvement  program  to  increase  the 
stored  beam  current  is  being  planned. 

1  INTRODUCTION 

The  Taiwan  Light  Source  has  served  users  for  several 
years  [1].  Recently,  a  great  deal  of  the  laboratory  effort 
and  budget  has  been  devoted  to  improving  the  capability 
of  the  research  center  to  support  a  wide  spectrum  of  user 
groups.  That  is,  the  construction  of  insertion  devices, 
photon  beamlines,  and  experimental  end  stations  has 
taken  first  priority. 

As  the  construction  of  user  facilities  is  starting  to  slow 
down  a  little,  greater  resources  are  starting  to  become 
available  for  accelerator-system  repairs  and  upgrades. 
Therefore,  changes  in  machine  operations  and  machine 
upgrade  programs  are  focused  on  the  four  following 
goals: 

■  To  increase  user  beam  time, 

■  To  increase  beam  reliability, 

■  To  improve  the  stability  of  the  photon  beams,  and 

■  To  increase  the  performance  capabilities  of  the  TLS. 

2  USER  BEAM  TIME 

The  amount  of  beam  time  available  for  users  has 
increased  in  recent  years,  because  the  number  of  days  of 
machine  operation  has  been  steadily  increased.  Earlier, 
the  Taiwan  Light  Source  was  operated  for  five  days  out 
of  every  week.  In  1997,  the  operations  were  increased  to 
six  days  per  week,  and  now  the  machine  is  operated 
seven  days  per  week.  A  three-day  maintenance  period 
requires  a  machine  shutdown  once  per  month,  and  long 
shutdowns  are  scheduled  as  needed. 
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Mondays  are  normally  reserved  for  machine  studies,  and 
the  change-overs  between  experiments  are  scheduled  for 
the  same  time.  In  addition,  many  owl  shifts  are  used  for 
machine  studies. 

3  BEAM  RELIABILITY 

The  overall  reliability  of  the  TLS  has  improved 
markedly  over  the  past  few  years.  During  1996  and 
1997,  the  machine  reliability  was  approximately  89%. 
Last  year,  however,  the  reliability  increased  to  96%.  It 
is  true  that  one  year  does  not  represent  a  great  deal  of 
statistics  in  terms  of  machine  reliability;  however,  we 
believe  that  this  improvement  is  indeed  real. 

First  of  all,  problem  areas,  such  as  RF  transmitters,  have 
been  upgraded  both  in  terms  of  the  equipment  and  in 
terms  of  the  maintenance.  Secondly,  reorganizations  of 
the  maintenance  staff  have  improved  the  maintenance  of 
some  systems,  such  as  the  injector.  Lastly,  some 
systems,  which  have  started  to  suffer  from  ageing  and 
performance  degradation  (such  as  the  conventional 
utilities  systems  -  cooling  water,  etc.)  have  undergone 
significant  repairs. 

4  BEAM  STABILITY 

Stable  photon  beams  are  a  crucial  requirement  of  most 
user  groups,  and  considerable  effort  is  being  devoted  to 
improving  the  beam  stability.  Up  to  now,  much  of  the 
effort  has  focused  on  first  improving  the  stability  of  the 
stored  electron  beam. 

4.1  Sources  of  Noise  and  Instability 

Sources  of  noise  and  beam  instability  were  studied  in  the 
TLS,  and  the  most  serious  problems  have  been  resolved. 
Worn-out  bearings  for  air-conditioning-system  fans  were 
found  to  be  a  source  of  vibration,  and  they  have  been 
replaced. 

Also,  the  ongoing  upgrade  program  for  the  conventional 
utilities  (cooling  water  systems,  air  conditioning  system, 
etc.)  has  improved  the  performance  capabilities  of  these 
systems.  The  temperature  regulation  of  these  systems 
has  been  very  significantly  improved,  and  the  system 
capacities  have  been  increased  to  meet  growing 
requirements. 

4.2  Orbit  Stability 

A  global  feedback  system  has  been  developed  to  control 
overall  motions  of  the  electron-beam  orbit,  and  a  local 
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feedback  system  has  been  developed  to  control  the  orbit 
in  local  regions  of  the  machine. 

4.3  Other  Feedback  Systems 

A  transverse  feedback  system  has  been  developed  to 
suppress  transverse  instabilities,  and  a  bunch-by-bunch 
longitudinal  feedback  system  is  being  built  to  suppress 
longitudinal  instabilities.  In  particular,  the  TLS  is 
troubled  sometimes  by  longitudinal  coupled-bunch 
instabilities,  which  are  very  difficult  to  control.  For  the 
time  being,  the  use  of  RF  modulation,  at  about  twice  the 
synchrotron  frequency,  excites  parametric  resonances 
and  helps  to  control  these  beam  instabilities. 

5  UPGRADE  PROJECT 

A  new  machine-upgrade  program  is  being  undertaken  to 
increase  the  performance  capabilities  of  the  TLS. 

5.1  Project  Goals 

The  “500  mA  Upgrade  Project”  is  a  major  upgrade 
program  with  the  following  goals: 

■  To  provide  photon  beams  with  significantly  better 
stability,  and 

■  To  store  up  to  500  mA  of  electron  beam,  while 
maintaining  the  beam  lifetime. 

5.2  Approach 

At  this  time,  among  the  most  troublesome  causes  of 
photon-beam  instabilities  in  the  TLS  are  the  longitudinal 
coupled-bunch  instabilities  of  the  stored  electron  beam, 
as  discussed  above.  These  coupled-bunch  instabilities 
are  caused  by  the  higher-order  modes  (HOMs)  of  the 
radiofrequency  cavities,  so  we  plan  to  replace  the 
existing  DORIS  cavities  with  a  new  cavity,  which  has 
much  weaker  HOMs.  Therefore,  the  major  components 
of  the  500  mA  Upgrade  Project  are  the  following: 

■  A  new  RF  cavity  with  reduced  HOMs  to  provide 
improved  beam  stability  and  with  the  capability  to 
store  2X  higher  beam  current, 

■  Other  RF  system  improvements  to  accommodate 
2X  higher  stored  beam  current, 

■  Third-harmonic  (Landau)  cavities  to  lengthen 
bunch  lengths  by  2X,  and 

■  Other  machine  improvements,  such  as  to  the 
vacuum  system  and  to  the  utilities  systems,  to 
accommodate  operation  at  higher  beam  current. 

At  this  time,  a  number  of  advanced  RF  cavity  designs 
already  exist  in  various  accelerator  laboratories  around 
the  world.  Most  of  these  designs  have  been  developed 
for  high-energy-physics  accelerator  applications. 


Only  one  or  two  new  RF  cavities  need  to  be  installed  in 
the  storage  ring  of  the  TLS,  so  our  needs  are  relatively 
modest.  We  believe  that  the  cost  and  technical  risk  of 
new  cavity  development  are  not  warranted  for  so  few 
cavities,  so  our  approach  will  be  to  acquire  existing 
technology  from  other  laboratories 

5.3  RF  System  Requirements 

The  upgraded  RF  system  should  meet  the  following 
requirements: 

■  Deliver  100  kW  of  RF  power  to  the  beam  at  500 
mA,  which  is  enough  power  to  accommodate  the 
eventual  addition  of  superconducting  bend 
magnets  or  of  superconducting  wigglers, 

■  Provide  additional  RF  power  for  cavity 
dissipation  and  operational  safety  margin,  and 

■  Provide  a  gap  voltage  of  1 .2  MV. 

5.4  Cavity  Selection 

Advanced  RF  cavity  designs  have  been  studied  at  SRRC 
for  well  over  a  year,  and  we  have  recently  selected  the 
Cornell  superconducting  RF  cavity  [2]. 

We  are  planning  a  two-phased  approach.  Stable 
operation  will  be  provided  in  Phase  1 ,  using  one  new  RF 
cavity  powered  by  one  of  the  existing  60  kW  transmitters. 
Additional  RF  power  will  be  installed  to  provide  500  mA 
operation  in  Phase  2. 

A  second  RF  cavity  will  be  purchased  and  kept  in 
readiness  on  a  test  stand.  The  ability  to  install  a 
functional  cavity  on  short  notice  will  provide  maximum 
machine  reliability. 

5.5  Project  Status 

The  current  goal  is  to  sign  a  purchase  contract  for  the 
new  superconducting  cavities  by  mid- 1999,  so  that  the 
first  phase  of  this  upgrade  project  can  be  completed  by 
the  year  2002.  The  staff  at  CESR  (Cornell  University) 
has  generously  agreed  to  help  with  the  technology 
transfer. 
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Abstract 

The  Pohang  Light  Source  (PLS)  has  been  operating 
successfully  at  2.0  GeV.  But  now  the  energy  can  be 
raised  up  to  2.5  GeV  by  energy  ramping  in  the  storage 
ring.  The  operational  status  of  PLS  is  presented 
including  2.5  GeV  operation.  Beam  parameters  such  as 
emittance,  lifetime  etc.  have  been  measured  at  a  few 
energy  levels.  The  measured  results  are  presented  and 
discussed  with  emphasis  on  their  energy  dependence. 

1  OVERVIEW 

PLS  is  a  2  GeV  third  generation  light  source  in  Korea.  It 
has  been  operating  successfully,  after  it  started  the  user 
service  on  September  1995.  The  beam  availability  has 
been  over  90  %  except  1998,  when  the  summer  typhoon 
caused  unexpected  shutdown  of  a  few  days.  The 
operation  statistics  of  the  last  three  years  is  shown  in 
Table  1. 

At  the  moment  there  are  8  beamlines  are  operational 
and  3  more  beamlines  will  be  available  this  year 
including  the  U7  beamline,  the  first  insertion  device 
beamline  of  PLS  [1],  The  operational  beamlines  are 
listed  in  Table  2. 

The  injected  current  ranged  from  160  to  180  mA.  The 
main  reason  of  this  current  limitation  is  the  longitudinal 
and  transverse  coupled  bunch  instabilities.  At  the 
moment,  the  only  device  we  possess  to  overcome  the 
instability  is  the  RF  cooling  temperature  system. 
Unfortunately  the  RF  cooling  temperature  control  is  not 
enough  to  store  more  than  180  mA.  Therefore  we 
decided  to  use  longitudinal  and  transverse  feedback 
systems  to  suppress  the  coupled  bunch  instabilities. 

This  year,  we  have  three  plans  of  major  upgrade.  The 
first  is  the  longitudinal  and  transverse  feedback  systems. 
The  longitudinal  feedback  system  was  manufactured  and 
is  now  under  testing  by  SLAC.  The  transverse  feedback 
system  was  manufactured  in  our  Lab  and  now  under 
fabrication.  The  two  systems  will  be  installed  in  April, 
and  after  full  test  will  start  operation  in  September. 
These  two  feedback  systems  are  expected  to  increase  the 
stored  current  more  than  300  mA. 

The  second  upgrade  plan  is  the  energy  ramping  up  to 

'Work  supported  in  part  by  the  Korean  Ministry  of  Science  and 
Technology  ,  and  the  POSCO  company. 
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Table  1 :  Operation  Statistics  of  PLS 


hour 


1996 

1997 

1998 

Scheduled 

3,236 

3,960 

4272 

Supplied 

3,034 

3,618 

3,784 

Percentage 

93.8% 

91.4% 

88.6% 

2.5  GeV  in  the  storage  ring.  So  far  many  x-ray  users 
have  not  been  satisfied  with  the  hard  x-ray  flux  of  PLS 
as  can  be  seen  in  Table  2.  The  critical  photon  energy  of 
bending  magnet  beamlines  is  2.8  keV  for  2.0  GeV 
operation  and  5.5  keV  for  2.5  GeV  operation.  In  general, 
it  is  said  that  photons  of  energy  up  to  four  times  of  the 
critical  energy  can  be  utilized.  But  high  energy  photon 
flux  is  not  satisfactory.  In  the  2.5  GeV  operation,  the 
bending  magnet  photon  flux  of  energy  above  5  keV 
increases  substantially  compared  with  the  2.0  GeV 
operation.  The  photon  flux  of  10  keV  is  3.8  times  larger 
than  that  of  the  2.0  GeV  operation.  Hence  the  2.5  GeV 
operation  is  expected  to  satisfy  many  X-ray  users.  Both 
hardware  and  software  were  upgraded  to  perform  the 
energy  ramping  up  to  2.5  GeV.  It  takes  about  5  minutes 
from  2.0  GeV  to  2.5  GeV.  The  2.5  GeV  operation  for 
users  will  start  in  April. 


Table  2:  Operational  beamlines 


Beamline 

Energy  range 

Photoemission 

12  -  1230  eV 

X-ray  scattering 

4  -  12  keV 

White  beam 

4-12  keV 

Lithography 

1  -  2  keV 

NIM 

5  -  30  eV 

EXAFS 

4-14  keV 

X-ray  diffraction 

4  - 12  keV 

SAXS 

4  -  12  keV 

Finally  we  have  a  plan  to  upgrade  the  BPM  electronics. 
The  current  BPM  electronics  system  is  what  we 
developed  and  its  measurement  resolution  is  within  20 
pm.  Even  though  this  electronics  system  is  still  usable, 
we  decided  to  upgrade  it  to  the  commercial  one  by 
Bergoz  Co.  [2].  This  is  for  more  reliable  operation  of 
insertion  devices.  The  resolution  of  Bergoz  BPM  is 
expected  to  be  within  10  pm. 
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2  ENERGY  RAMPING 

2.1  Problems 

Basically  the  ramping  procedure  is  simply  increasing 
currents  of  the  magnet  power  supplies  (MPS)  step  by 
step.  But  the  real  procedure  is  not  easy  by  two 
requirements,  fast  ramping  time  and  keeping  the  storage 
ring  optics  unchanged.  Stability  was  the  design  key  point 
of  the  PLS  storage  ring  MPS.  Therefore  the  storage  ring 
MPS  is  relatively  slow  changing  the  currents  compared 
with  synchrotron  booster  MPS.  More  important  is  the 
control  time.  The  computer  control  system  of  the  PLS 
storage  ring  has  three  layers  of  hierarchy;  operator 
interface  computer  (OIC),  subsystem  control  computer 
(SCC),  and  machine  interface  unit  (MIU).  The  SCC  acts 
as  a  data  gateway  between  the  OIC  and  the  MIU.  The 
MIU  layer  is  directly  interfaced  to  individual  machine 
devices  for  low-level  data  acquisition  and  control.  Both 
the  SCC  and  MIU  layer  is  based  on  VMEbus  standard 
with  OS-9  real-time  operating  system.  It  takes 
considerable  time,  if  the  ramping  procedure  passes  all 
the  three  layers. 

•The  other  problem  comes  from  the  fact  that  the 
relation  of  the  MPS  current  to  the  corresponding  magnet 
is  not  linear.  In  the  normal  operating  region  of  2.0  GeV, 
it  is  almost  linear,  but  outside  that  region  the 
discrepancy  grows.  Since  the  discrepancy  is  different  for 
different  magnets,  even  if  all  the  MPS  currents  are 
increased  by  the  same  percentage,  the  real  magnetic 
fields  do  not  change  correspondingly  and  thus  the  linear 
optics  such  as  betatron  tune  is  distorted.  Even  though  the 
amount  of  distortion  in  each  step  is  very  small,  if  the 
ramping  procedure  keeps  going  this  way,  the  betatron 
tune  shifts  keep  growing  and  finally  beam  blows  up. 

2.2  Control  System 

To  reduce  the  amount  of  time  for  the  energy  ramping 
significantly,  the  role  of  calculating  and  controlling  the 
MPS  current  settings  in  each  step  was  given  to  the  MIU 
layer,  not  the  OIC  layer.  The  OIC  just  sends  the  start 
signal  downwards.  Since  the  various  magnets  have  to 
change  simultaneously  in  order  not  to  kill  the  stored 
beam,  the  SCC  layer  generates  synchronisation  signals  in 
each  ramping  step.  The  MIL-1553B  field  bus,  which  is 
already  installed  for  low  level  data  acquisition  control,  is 
used  for  the  synchronisation  network  through  which  the 
SCC  sends  the  synchronisation  signals  to  the  lower  MIU 
layer.  This  way,  the  control  time  of  the  ramping  was 
minimized. 

Now  the  amount  of  ramping  time  is  determined  by  the 
magnitude  of  each  ramping  step. 

2.3  Linear  Optics 

We  tried  to  keep  the  betatron  tunes  in  each  step.  For  the 
purpose,  all  MPS  should  not  change  by  the  exactly  same 


percentage,  but  each  MPS  current  should  be  fine  tuned 
with  respect  to  the  basic  percentage  that  is  the  same  for 
all  MPS.  The  basic  percentage  was  chosen  to  be  0.3%. 
By  a  number  of  machine  studies,  we  obtained  data  of 
appropriate  MPS  current  setting  values  to  keep  the 
betatron  tunes  in  each  step.  Several  machine  studies 
proved  that  the  scheme  works.  In  order  to  be  sure  of  safe 
and  stable  ramping,  we  chose  the  conservative  value 
0.3%.  For  this  choice,  the  amount  of  time  needed  for 
ramping  up  to  2.5  GeV  is  about  5  minutes,  which  is 
endurable  because  the  injection  from  the  linac  can  be 
finished  within  a  few  minutes. 

2.4  Current  Storage 

The  amount  of  stored  current  depends  on  the  RF  cavity 
power.  Since  the  dependence  of  radiated  power  on  the 
beam  energy  is  quartic,  150  mA  of  2.5  GeV  is  equivalent 
to  366  mA  of  2.0  GeV  in  the  sense  of  RF  power.  We 
consider  150  -  200  mA  proper  region  of  2.5  GeV 
operartion. 

2.5  Emittance 

The  dependence  of  beam  emittance  on  the  beam  energy 
is  quadratic.  The  design  emittance  of  2.0  operation  is  12 
nmrad  and  the  diagnostic  beamline  confirmed  that  we 
achieved  the  goal.  Hence  the  design  emittance  of  2.5 
GeV  operation  must  be  18.9  nmrad.  We  achieved  a 
value  close  to  it. 

2.6  Lifetime 

The  beam  lifetime  of  PLS  storage  ring  is  mainly 
determined  by  the  Touschek  effect  just  like  other  third 
generation  light  sources.  The  Touschek  lifetime  is 
proportional  to  the  2.5  th  power  of  the  energy  [4],  In 
reality,  we  raised  the  beam  energy  from  2.05  GeV  to 
2.50  GeV.  Therefore  we  expect  the  beam  lifetime  to 
increase  1.65  times.  The  measured  lifetime  of  2.5  GeV 
operation  is  close  to  this  expectation. 

3  FUTURE  UPGRADE  PLANS 

3.1  Beam  Based  Alignment 

The  PLS  storage  ring  has  the  ground  settlement  problem. 
The  ground  is  continuously  lowered  maximum  2  mm 
each  year.  Obviously  this  is  a  serious  threat  for  the  orbit 
stability.  We  survey  the  storage  ring  and  realign  the 
girders  periodically  (every  two  years).  Also  we  survey 
the  BPM  positions  periodically  and  use  the  data  to 
recalibrate  the  BPM  readings.  However,  we  need  more 
reliable  methods  of  BPM  calibration  especially  for  the 
operation  of  insertion  devices.  Now  we  are  preparing  the 
beam  based  alignment  that  calibrates  the  BPM  reading 
with  respect  to  the  quadupole  center.  The  scheme  was 
already  prepared  and  tested  successfully  in  one 
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superperiod.  The  remaining  work  is  to  extend  the 
necessary  hardware  to  the  whole  storage  ring  and 
construct  control  system. 

3.2  Global  Orbit  Feedback 

In  conjunction  with  the  beam  based  alignment,  the 
global  orbit  feedback  is  also  planed.  The  detailed 
scheme  will  be  prepared  soon. 

3.3  Third  Harmonic  Cavity 

The  beam  lifetime  of  2.0  GeV  operation  is  endurable  at 
around  170  mA  with  20  hours  or  so.  But  since  the 
Touschek  lifetime  decreases  with  increasing  current,  the 
beam  lifetime  is  expected  to  be  very  small  (less  than  10 
hours)  over  300  mA  that  will  be  achieved  with  the 
feedback  systems  soon.  To  keep  the  high  brightness  it  is 
not  permissible  to  increase  the  vertical  size.  Therefore 
the  only  way  to  increase  the  beam  lifetime  is  to  increase 
the  bunch  length  using  a  third-harmonic  RF  cavity.  A 
study  is  going  on  to  apply  the  third-harmonic  cavity  to 
the  PLS  storage  ring. 
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Abstract 

The  orbit  measurement  and  correction  system  of  the 
LNLS  synchrotron  light  source  is  presented.  Recent 
changes  to  the  system  including  the  addition  of  12 
vertical  correctors  and  the  use  of  16  bit  DACs  to  control 
the  corrector  magnet  power  supplies  have  improved  the 
vertical  orbit  repeatability  from  fill  to  fill  from  ±70  pm  to 
±3  pm.  The  improved  resolution  also  allowed  the 
implementation  of  automatic  orbit  corrections  at  24 
second  intervals,  thus  reducing  orbit  variations  along  a 
user’s  shift  from  ±70  pm  to  ±5  pm. 

1  INTRODUCTION 

The  LNLS  synchrotron  light  source,  based  on  a  1.37  GeV 
electron  storage  ring,  has  been  delivering  beam  for 
routine  user  operation  since  July  1997.  It  became  clear 
from  the  early  stages  of  beamline  commissioning  that 
orbit  reproducibility  from  fill  to  fill  as  well  as  orbit 
stability  over  long  periods  (several  hours)  are  critical 
performance  figures  of  the  light  source  from  the  user’s 
point  of  view.  Those  user  demands  were  the  driving  force 
behind  a  long  term  program  aimed  at  identifying  and 
correcting  orbit  variations,  which  included  reviewing  the 
vast  number  of  topics  related  to  the  subject,  applied  to  our 
specific  case,  such  as:  orbit  stability  requirements, 
techniques  to  identify  undesirable  sources  of  beam 
motion,  capabilities  of  orbit  monitoring  equipment  at 
LNLS  (e.g.  position  measurement  dependence  on  beam 
current),  parameters  for  automatic  orbit  correction, 
relation  between  beam  stability  at  the  monitors  and  at  the 
beamline  source  points,  correlation  of  orbit  drifts  and 
oscillations  with  temperature  variations  etc.  This  program 
started  even  before  the  machine  was  officially  delivered 
to  users  [1],  with  the  identification  of  orbit  drifts 
correlated  to  magnet  temperature  variations  and  the 
implementation  of  an  orbit  feedback  system,  which  was 
able  to  keep  orbit  variations  below  ±70  pm  along  a  user’s 
shift  (orbit  stability)  as  well  as  from  shift  to  shift  (orbit 
reproducibility)  with  orbit  corrections  being  performed 
once  every  hour. 

All  along  1997,  further  improvements  were 
implemented  in  this  system,  including  better  knowledge 
of  the  ring  optics  and  additional  flexibility  in  the  control 
software.  Even  though  those  improvements  made  the 
system  more  reliable  and  robust,  they  did  not  address  its 
basic  limitations,  namely  the  correction  and  monitoring 
hardware.  The  beam  position  measuring  system  used  RF 
switches  to  multiplex  the  monitor  signals  onto  the  BPM 


electronics.  This  choice  (dictated  by  cost  considerations) 
along  with  the  fairly  low  resolution  (±8  pm)  of  the  12  bit 
AD  converters  that  read  the  BPM  electronics  output 
signal,  made  it  necessary  for  the  system  to  perform  time 
consuming  averages  in  order  to  obtain  good  resolution, 
which  reduced  its  bandwidth.  Also  the  RF  switches  were 
a  constant  source  of  connection  problems  and 
compromised  reliability.  Finally,  the  number  of  vertical 
correctors  as  well  as  the  corrector  strength  adjustment 
resolution  were  found  to  be  insufficient  to  guarantee  orbit 
repeatability  from  fill  to  fill  within  the  required 
tolerances. 

In  1998,  after  theoretical  work  [2]  demonstrated  the 
need  for  additional  vertical  correctors,  a  hardware 
upgrade  program  was  started  that  included  the  addition  of 
12  new  vertical  corrector  magnets  (actually,  already 
existing  coils  in  the  quadrupole  magnets  were  used), 
implementation  of  higher  resolution  in  the  steering 
magnets  power  supply  controls,  the  implementation  of  a 
temperature  stabilization  system  for  the  storage  ring 
magnets  (that  is  kept  running  even  when  the  magnets 
themselves  are  turned  off)  and  improvements  to  the  orbit 
measuring  system  through  the  addition  of  new  BPM 
electronics  eliminating  the  need  for  RF  multiplexing.  In 
the  following  sections,  we  describe  the  present  orbit 
measurement  and  correction  system  as  well  as  the  results 
obtained  so  far,  concentrating  on  the  improvements  due  to 
the  upgrade  started  in  June  1998. 

2  NEW  BPM  ELECTRONICS  AND 
CALIBRATION  PROCEDURE 

The  storage  ring  has  23  beam  position  monitors 
(striplines)  distributed  along  its  six  superperiods.  Up  until 
December  1998,  the  stripline  signals  were  processed  by  6 
commercial  electronic  readout  modules  (manufactured  by 
BERGOZ,  France).  Since  there  was  only  one  read-out 
module  per  superperiod,  each  module  must  read  four 
different  BPMs.  This  was  accomplished  by  multiplexing 
those  signals  via  a  computer  controlled  RF  switchboard, 
which  allowed  the  four  monitors  to  be  read  in  any  order 
set  by  the  high  level  control  system.  The  total  time  for  a 
complete  scan  of  all  four  BPMS  in  a  superperiod  was 
dominated  by  the  time  needed  by  the  RF  switches  to 
stabilize  their  output  signal  and  it  was  400  ms.  Recently 
new  BPM  modules  were  installed  providing  one  module 
per  BPM  and  eliminating  all  RF  switches.  At  the  same 
time,  sets  of  variable  attenuators  were  added  to  the  input 
of  the  BPM  electronics  so  as  to  allow  better  equalization 
of  beam  signals  (to  compensate  for  different  cable  lengths 
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and  connector  attenuations)  and  to  bring  the  signal 
intensity  down  to  the  range  where  the  electronics  is 
mostly  insensitive  to  beam  current  variations. 

The  geometrical  BPM  offset  and  gains  were 
determined  in  a  characterization  bench  where  the  beam 
was  simulated  with  a  stretched  wire.  An  off-set  and  gain 
were  also  determined  for  the  BPM  electronics  (in  fact, 
this  offset  and  gain  include  the  effects  not  only  of  the 
electronics,  but  also  of  the  cables  and  connectors).  In  the 
original  installation  (1996),  the  offset  was  determined 
with  an  equalized  (better  than  0.01  dB)  four-way  splitter 
fed  by  a  476  MHz  signal  and  connected  to  the  same 
cables,  RF  switches  and  connectors  that  take  signals  from 
the  BPMs  to  their  electronics  (this  measurement  takes 
place  in  the  machine  hall).  The  measured  dc  voltages 
(horizontal  and  vertical)  at  the  output  of  the  BPM 
electronics  gave  directly  the  off-set.  The  gain  was 
determined  by  adding  attenuators  to  two  of  the  output 
ports  of  the  four-way  splitter  and  again  measuring  the 
voltages  delivered  by  the  BPM  electronics.  When 
installing  the  new  BPM  electronics,  a  new  calibration 
procedure  was  used  that  proved  to  be  more  precise  and 
substantially  reduced  the  spread  in  measured  gains  of  the 
various  electronic  modules.  In  the  new  procedure,  the 
offsets  and  gains  are  determined  from  a  set  of  five 
measurements:  first  we  measure  the  BPM  output  signal 
when  the  inputs  to  the  BPM  electronics  come  from  the 
equalized  splitter;  next  we  add  a  single  attenuator  to  each 
of  4  input  channels  of  the  BPM  and  again  measure  the 
BPM  output  signal.  We  model  the  experiment  with  the 
equations 

0  x  a,  +  a2  +  a3  +  a4 

X  =K  ^>+0C2-a  3~g4  x  «■+?«»  -«3~g, 

1  '  yat  +a2  +a}  +a4  2  '  a,  +ya2  +a3  +a4 

X  =K  a»+a2-)<*3-«4  x  =K  «,+g2-a3-?^4 

3  ’  a,+a2+ya,+ai  4  *  a,  +a2  +a3  +yat 

where  X0  is  the  voltage  measured  when  no  attenuator  is 
added  to  the  splitter,  X,  is  the  voltage  measured  when  we 
add  an  attenuation  y  to  the  ith  BPM  input  channel  and 
Kx  is  the  gain  constant.  The  attenuation  factors  GJ. , 

represent  the  effects  of  differences  in  cable  lengths  and 
connectors  and  the  BPM  offset  can  be  calculated  as  a 
function  of  these  factors.  The  same  equations  apply  for 
the  vertical  voltage,  with  a  different  gain  factor  K  but 

equal  attenuation  factors  CL .  In  this  model,  the  horizontal 
and  vertical  offsets  are  not  independent  and  by  measuring 
X  and  Y  voltages  we  actually  get  a  cross-check  of  our 
results.  Given  this  set  of  five  measurements,  the 
attenuation  factors  and  gain  constants  can  be  determined 
by  solving  the  set  of  five  coupled  equations,  which  can  be 
reduced  to  solving  a  fourth-order  polynomial  root.  Once 
the  attenuation  and  gain  constants  of  the  setup  are 


determined,  the  offset  and  gain  of  the  BPM  electronics 
can  be  calculated  by  considering  the  expressions  for  the 
voltages  induced  in  each  stripline  by  a  (slightly)  off- 
centered  beam. 


If  we  take  the  horizontal  plane,  the  voltage  on  the  ith 
strip  is  (given  that  the  BPM’s  are  in  a  cylindrical  chamber 
of  radius  b  and  are  aligned  at  45  degrees  with  respect  to 
the  plane  of  the  orbit) 


r  Via  . 

1  + - sin  y 

by 


where  V0  is  proportional  to  beam  intensity,  A  is  the  beam 
offset  and  by  is  the  stripline  width.  Using  those  voltages 
we  get  for  the  BPM  (horizontal)  output  voltage 

y 


where,=^W 

a,  +a2  +a3  +a4 

and  if  we  define  the  BPM  gain  (i.e.,  the  gain  determined 
solely  by  the  BPM  geometry)  as 

_  V2  siny/  1 

GEO~  y  b 

we  get  the  BPM  electronics  gain  and  offset 
Ge={\-H2)K  Oxe=KiH 

Note  the  correction  factor  (1  —  H2)  to  the  gain  for  a  non¬ 


zero  offset.  As  a  result  of  this  new  calibration  procedure, 
the  spread  of  gains  between  different  electronics  was 
considerably  reduced  and  measurements  of  the  dispersion 
function,  which  previously  presented  unexpected 
asymmetries  now  fit  better  the  theoretical  expectations 
(Figure  1). 


Fig.  1:  Dispersion  function  measurement  with  the  old 
(circles)  and  new  (dots)  BPM  electronics  calibration. 


The  BPM  absolute  accuracy  is  determined  by  the 
alignment  procedure  and  is  better  than  ±0.1  mm.  The 
BPM  resolution  is  determined  by  the  electronic  noise  and 
by  the  resolution  of  the  AD  converters  used  to  read  the 
BPM  output  voltages.  At  the  moment  the  12  bit  converter 
resolution  determines  the  resolution  of  ±8  pm.  The 
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overall  resolution  can  be  improved  to  ±2  pm  by  averaging 
over  5  seconds. 

3  NEW  VERTICAL  ORBIT 
CORRECTORS  AND  CONTROLS 

The  orbit  correctors  are  10  cm  long  C-type  (vertical)  and 
H-type  (horizontal)  magnets.  Originally  there  were  11 
vertical  and  18  horizontal  correctors,  capable  of 
producing  up  to  70  gauss.m  of  integrated  field, 
corresponding  to  1.5  mrad  deflection  at  1.37  GeV.  The 
corrector  strengths  could  be  adjusted  in  steps  of  0.7  prad. 
In  June  1998,  12  new  vertical  correctors  were  added  (by 
powering  correcting  coils  inside  quadruples)  and  in 
December  1998  new  higher  resolution  A/D  converter 
boards  were  installed  to  control  the  steering  magnets 
power  supplies  reducing  the  smaller  correction  step  to 
less  than  0.05  prad.  Also  the  orbit  correction  software  was 
changed  to  implement  each  correction  as  a  sequence  of 
small  steps  so  as  to  minimize  transient  orbit  perturbations. 
This  improved  the  orbit  repeatability  from  fill  to  fill  from 
±70  pm  to  ±3  pm  and  allowed  us  to  implement  a  faster 
orbit  feedback  loop,  with  one  correction  every  24 
seconds.  Figure  2  shows  the  orbit  stability  along  one 
user’s  shift  before  and  after  the  upgrade  of  the  orbit 
correction  system.  We  see  that  the  orbit  stability  has 
improved  from  ±70  pm  to  ±5  pm. 


Evolution  of  the  vertical  orbit  along  a  user's  shift 
Orbit  correction  takes  place  once  every  hour.(06/11/98) 


evolution  of  the  vertical  orbit  along  a  user’s  shift 
Orbit  correction  takes  place  every  24  seconds.  (04/1 2/98) 


Fig.  2:  Evolution  of  the  vertical  orbit  along  a  user’s  shift 
before  (a)  and  after  (b)  the  orbit  correction  upgrade.  All 
23  monitors  are  plotted. 


In  figure  3  we  show  the  results  of  an  experiment 
performed  to  determine  the  vertical  angular  stability  of 
the  orbit  with  the  new  correction  system.  In  this 
experiment,  the  X-ray  beam  intensity  was  measured 


behind  a  thin  slit  with  a  scintillator  (hard  X-rays  were 
select  by  means  of  1.2  cm  thick  aluminum  plates).  The 
beam  was  then  let  to  drift  freely  for  about  20  minutes  and 
the  corresponding  drift  in  X-ray  intensity  (normalized  to 
beam  current)  was  registered.  At  that  point  the  correction 
system  was  turned  on.  The  action  of  the  correction  system 
in  correcting  the  slow  orbit  drift  is  clear. 


Fig.  3:  Vertical  angular  stability  with  and  without  orbit 
correction.  The  angular  variations  are  calculated  from 
measured  hard  X  ray  intensity  variations  in  a  10  meter 
long  beam  line  with  a  thin  slit. 

CONCLUSIONS 

The  orbit  measurement  and  correction  system  of  the 
LNLS  synchrotron  light  source  has  been  upgraded  with 
the  addition  of  12  new  vertical  correctors,  new  BPM 
electronics  modules  and  changes  to  the  orbit  control 
software.  All  those  changes  have  allowed  the 
implementation  of  an  automatic  correction  procedure  that 
improved  orbit  repatability  (±3  pm)  as  well  as  orbit 
stability  along  a  user’s  shift  (±5  pm).  Future  work  will 
concentrate  on  improving  BPM  measurements  (better 
ADC  resolution)  and  studies  of  the  origins  of  slow  orbit 
drifts.  In  particular,  changes  to  the  air  conditioning 
control  system  are  foreseen  that  should  bring  the  daily 
experimental  hall  temperature  variation  from  ±2  °C  down 
to  less  than  ±1  °C. 
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Abstract 

ANKA  is  a  2.5  GeV  synchrotron  light  source  under  con¬ 
struction  in  Karlsruhe.  ANKA  will  offer  full  service  in  X- 
ray  lithography,  mainly  for  micro-  and  nanofabrication, 
and  in  analyzing,  and  investigating  non-destructively 
various  properties  of  samples.  During  the  first  operational 
period  only  the  light  from  the  bending  magnets  (1.5  T) 
will  be  used,  later  four  long  straight  sections  and  one  short 
straight  section  can  be  equipped  with  insertion  devices. 
The  light  source  is  scheduled  to  get  into  operation  in  the 
year  2000.  At  present,  the  53  MeV  racetrack  microtron  as 
pre-injector  is  already  commissioned.  The  500  MeV 
booster  synchrotron  is  being  assembled,  a  500  MeV 
electron  beam  is  expected  during  the  summer  period.  The 
girders,  the  cooling  pipes  as  well  as  the  cable  trays  are 
already  installed.  The  assembly  of  the  magnets,  the  r.f.- 
and  the  vacuum-system  will  take  place  up  to  September 
99  and  we  expect  to  get  a  2.5  GeV  accelerated  beam  at  the 
end  of  1999. 

1  BUILDING 

The  building  consists  of  three  parts:  a)  the  ANKA-hall, 
b)  an  annex  and  c)  the  cooling  tower  with  the  HVAT- 
system.  The  annex  contains  the  control  room,  laboratories 
and  the  supplies  for  the  electricity,  water  and 
heating/cooling.  The  floor  within  the  hall  is  a  single 
concrete  slab  with  a  thickness  of  55  cm  and  without  any 
insulation  joint. 

Within  the  ANKA-hall  the  following  parts  have  already 
been  installed:  53  MeV-microtron,  the  shielding  around 
the  microtron,  the  cable  trays,  the  cooling  pipes,  the  stands 
for  the  different  racks  as  well  as  the  girders  for  the 
magnets  (see  fig.  1).  The  commissioning  of  the  microtron 
and  the  booster  will  be  done  from  a  temporary  control 
room  within  the  storage  ring  (see  fig.  1).  The  cooling 
complex  including  the  HVAT-system  will  be  finished  in 
May  99.  The  storage  ring  with  a  circumference  of  1 10  m 
covers  only  35  %  of  the  hall.  In  the  space  left  it  is  possible 
to  build  beamlines  with  a  length  of  27  m. 


Figure  1 :  Status  of  the  inside  of  the  building  as  of  March 
99,  showing  the  assembled  girders,  cooling  pipes  and 
cable  trays.  Furthermore  the  shielding  around  the 
microtron  and  the  provisional  control  room  for  the 
commissioning  of  the  injector  can  be  observed. 

2  INJECTOR 

The  53  MeV  racetrack-microtron  has  been  installed  and 
commissioned  [1].  The  accelerator  of  this  machine  is  an  s- 
band  linac  with  an  energy  of  5.3  MeV.  The  synchrotron 
light  coming  from  the  relativistic  electrons  accelerated 
within  the  turns  4  to  9  of  the  microtron  bending  magnets  is 
shown  in  fig.  2  (this  is  the  first  synchrotron  light  produced 
at  the  light  source  ANKA).  A  53  MeV  beam  with  a  pulse 
length  of  1.2  ps  and  a  maximum  current  of  16  mA  has 
been  reached.  This  pulse  shape  can  be  changed  from  0.4 
to  1.2  ps.  The  pulse  shape  of  the  beam  at  different 
energies  is  shown  in  fig.  3  for  turns  3,  5  ,  7  and  9.  This 
graph  shows  that  there  are  no  important  beam  losses 
during  the  acceleration  from  26.5  MeV  to  42.4  MeV.  The 
next  step  in  the  commissioning  phase  of  the  microtron  is 
to  check  the  250  MHz-chopper  which  should  deliver  a 
beam  with  a  500  MHz-structure  according  to  the  rf- 
system  of  the  booster  synchrotron. 
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Figure  2:  Synchrotron  light  coining  from  one  of  the  main 
dipoles  in  the  microtron.  Shown  is  the  light  obtained  from 
turn  4  to  turn  9  (from  right  to  left) 


Figure  3:  Pulse  shape  of  the  beam  within  the  racetrack 
microtron  at  the  turns  3,  5, 7  and  9. 

The  installation  of  the  injection  line  and  the  500  MeV 
booster  is  under  way  and  the  starting  up  of  this  complex 
will*  be  in  May  99.  We  expect  to  obtain  a  500  MeV 
accelerated  beam  within  summer  99.  The  assembly  of  the 
extraction  line  is  foreseen  for  August  99.  The  company 
Danfysik  in  Denmark  is  building  the  whole  injector  as  a 
turn  key  system. 

3  MAGNETS 

The  series  production  of  all  quadrupoles  (type  Q320  and 
Q390)  and  the  sextupoles  (type  SH  and  SV)  is  finished 
and  all  magnets  have  been  delivered  to  ANKA[2].  75  %  of 
the  bending  magnets  have  been  produced  and  the 
manufacturing  of  the  rest  will  be  finished  in  May  99. 
Parallel  to  the  production  of  all  magnets  extensive 
mechanical  and  magnetic  measurements  have  been 
performed  in  order  to  correlate  the  magnetic 
measurements  to  the  geometry  of  the  magnets.  Figure  4 
shows  the  specific  magnetic  field  versus  current  for  a 
typical  bending  magnet. 


Figure  4:  Specific  magnetic  field  versus  current  for  a 
bending  magnet,  nominal  current  is  around  650  A 


The  magnetic  measurements  of  all  quadrupoles  have  been 
completed.  Within  the  different  families  all  quadrupoles 
reach  the  required  specifications  of  AgL/gL  <4-10'3. 
Figure  5  shows  the  specific  integrated  gradient  versus 
current  for  a  typical  Q320  quadrupole.  The  measurements 
of  the  sextupoles  and  the  bendings  are  under  way.  The 
installation  of  all  magnets  will  be  finished  by  the  end  of 
June  99. 
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Figure  5:  Specific  integrated  gradient  versus  current  for  a 
typical  Q320  quadrupole,  nominal  current  is  around  350  A 

4  VACUUM 

The  production  of  all  elements  of  the  vacuum  system  is 
under  way.  Half  of  the  complicated  dipole-  and  two  third 
of  the  straight-section-chambers  have  been  delivered  and 
tested.  Each  element  is  after  the  production  cleaned, 
baked  and  tested.  The  leakage  rate  is  below  2-1  O'10 
mbar-l/s  and  the  thermal  desorption  rate  below  2-1 0‘12 
mbar-l/(s  cm2).  In  order  to  have  an  optimized  clean 
system,  the  long  straight  sections  will  undergo  a  glow 
discharge  cleaning  process.  This  will  be  done  at  the 
Daresbury  Laboratory.  The  installation  of  the  vacuum- 
system  will  start  in  June  99  and  we  expect  closing  the 
vacuum  system  in  mid-October  99.  The  crotch  absorbers 
have  to  absorb  a  power  of  up  to  8.5  kW  each.  According 
to  the  operation  scheme  of  ANKA  (running  only  for  8 
hours  per  day)  the  absorbers  have  to  undergo  a  large 
number  of  cycles.  For  the  optimization  of  this  number  of 
cycles  a  special  design  of  the  crotch  absorbers  has  been 
performed  [3]. 

5  RF-SYSTEM 

The  rf-system  consists,  of  5  parts:  a)  cavity  with  the  low 
level  electronics,  b)  the  waveguide  system  with  the 
circulator,  c)  the  klystron,  d)  the  high  voltage  power 
supply  and  e)  the  controls.  The  waveguide  system 
including  the  circulator  has  been  tested  and  delivered  [4]. 
The  installation  will  take  place  during  March  and  April 
99.  Two  of  the  cavities  including  the  low  level  electronic 
have  been  tested  and  will  be  delivered  to  ANKA  in  April 
99.  The  factory  acceptance  test  of  the  high  voltage  power 
supply  (HV-PS)  for  the  klystrons  have  been  performed 
successfully.  This  device  will  be  installed  within 
April/May  99.  The  subsystems  of  the  first  klystron  have 
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been  assembled,  the  first  klystron  will  be  delivered  by  the 
end  of  April  99.  We  expect  that  the  first  rf-plant  consisting 
of  2  cavities,  the  waveguide-system,  the  250  kW  klystron 
including  the  400  kW  HV-PS  will  be  finished  in  June  99. 
The  second  plant  should  be  ready  in  August  99.  The  rf- 
system  has  three  levels  of  control:  the  machine  control, 
the  transmitter  control  and  the  fast  interlock.  For  the 
transmitter  control  and  for  the  fast  interlock  a  new  design 
has  been  made,  which  is  described  elsewhere  [5]. 

6  POWER  SUPPLIES 

All  power  supplies  are  in  the  production  phase.  They  will 
be  delivered  to  ANKA  in  April/May  99.  The  acceptance 
test  with  the  real  load  should  be  performed  within  July  99 
after  the  installation  of  the  magnets. 

7  THE  CONTROL  SYSTEM  FOR  THE 
ACCELERATOR 

The  control  system  of  the  accelerator  is  based  on  client 
and  server  PC’s  running  under  WinNT  and  the  LonWorks 
field  bus  with  intelligent  nodes  and  standard  I/O  modules 
to  connect  the  individual  devices  directly  to  the  server 
PC’s.  These  server  PC’s  communicate  via  CORBA  with 
client  PC’s  in  the  control  room.  All  operator  control  is 
performed  through  Java  applets/applications.  The  first 
real-world  test  of  the  system  was  performed  ,  on  the  50 
MeV  microtron  of  ANKA  during  the  period  from  October 
98  to  March  99,  controlling  it’s  vacuum  system  and  power 
supplies  [6].  At  the  moment,  the  present  version  of  the 
control  system  is  being  optimized.  In  addition,  the  control 
of  the  RF  system  and  the  power  supply  ramping 
procedures  will  be  tested  to  be  able  to  control  the  booster 
synchrotron  and  the  storage  ring  later  this  year. 

8  TIMING  SYSTEM 

The  timing  system  and  instrumentation  are  at  the  moment 
under  construction.  The  timing  system  will  be  based  on 
commercially  available  delay  generators.  Two  sets  of 
delay  generators  are  foreseen:  one  set  is  controlling  the 
injection  trigger  chain  into  the  synchrotron  (triggering  the 
gun,  the  microtron,  klystron  and  the  injection  kickers),  the 
second  one  is  controlling  the  ejection  from  the 
synchrotron  and  is  triggered  by  a  revolution  clock  of  the 
storage  ring.  With  this  system  a  gap  in  the  filling  can  be 
produced  in  order  to  reduce  ion  effects  on  the  stored 
beam.  In  the  first  stage  the  injection  of  single  bunches  and 
the  storage  of  single  bunches  is  not  foreseen. 

9  BEAMLINES 

The  optical  components  and  experimental  stations  for 
eight  beamlines  are  under  construction.  Three  beamlines 
will  be  devoted  to  lithography.  The  beamlines  for 
analytical  services  cover  techniques  from  spectroscopy  to 
diffraction  and  are  taking  advantage  of  the  large  spectral 


range  from  IR  to  hard  X-rays  emitted  by  the  bending 
magnets.  Two  beamlines,  a  soft  X-ray  beamline  for 
microscopy  and  spectroscopy  and  a  beamline  for  protein 
crystallography,  are  planned  and  waiting  for  approval.  In 
addition,  one  X-ray  beamline  is  under  construction  which 
will  be  operated  by  the  Max-Planck  society. 


Table  1 :  The  beamlines  and  their  main  parameters 


Spectral  range 

Power  or 

Photon  flux 

X-ray  lithography  I 

1-4  keV 

6  W 

X-ray  lithography  II 

3  -  8  keV 

40  W 

X-ray  lithography  III 

4-30  keV 

100  W 

Soft-X 

0.09-  1.4  keV 

>2  •  10loph./s 

R-spectroscopy 

4  -  104  cm'1 

>1  •  1013ph./s 

Fluorescence  analysis 

1  -  30  keV 

3  •  1013ph./s 

Protein  crystallography 

5-20  keV 

1  •  1012ph./s 

Diffraction 

5-20  keV 

2  •  10nph./s 

Absorption 

2.4  -  30  keV 

2  •  1011  ph./s 

Grazing  incidence  difff . 

6-20  keV 

1  •  10uph./s 

10  SUMMARY 

All  subsystems  for  the  erection  of  the  storage  ring  ANKA 
are  in  the  production  state  or  have  already  been  delivered. 
The  microtron  reached  already  the  specifications  and  the 
commissioning  of  the  booster  will  start  in  May  99.  The 
magnet  system  including  the  power  supplies  will  be 
finished  in  July  99.  The  rf-system  should  be  running  in 
August  99.  The  vacuum-system  will  be  closed  in  October 
99.  The  commissioning  will  start  in  November  99  and  the 
first  stored  beam  is  expected  at  the  end  of  99.  The 
installation  of  the  beamlines  will  start  in  spring  2000.  The 
first  exposure  for  the  LIGA-technique  is  foreseen  for 
summer  2000. 
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Abstract 

ANKA  is  a  2.5  GeV  synchrotron  light  source  under 
construction  at  the  Forschungszentrum  Karlsruhe.  The 
facility  consists  of  a  53  MeV  microtron,  an  injection  line, 
a  500  MeV  booster  synchrotron,  and  the  ejection  line. 
The  whole  injector  is  being  built  as  a  turn  key  system  by 
the  industry  (Danfysik,  Denmark).  The  interface  between 
the  injector  and  the  storage  ring  is  the  entrance  of  the 
injection  septum.  The  53  MeV  racetrack  microtron  is 
already  commissioned.  It  delivers  a  beam  of  53  MeV,  16 
mA,  6  Hz  and  1.2  ps.  The  installation  of  the  injection  line 
as  well  as  the  booster  synchrotron  is  under  way  and  the 
commissioning  of  the  booster  synchrotron  will  start  in 
May  99.  We  expect  to  get  an  accelerated  beam  to  500 
MeV  before  summer  1999. 

1  INTRODUCTION 

The  ANKA  injector  is  a  500  MeV  booster  synchrotron  for 
the  2.5  GeV  ANKA  synchrotron  which  presently  is  under 
construction  at  Forschungszentrum  Karlsruhe  (FZK), 
Germany  [1].  The  injector  complex  (fig.  1)  consists  of  a 
53  MeV  microtron  pre-injector,  a  500  MeV  booster 
synchrotron,  an  injection  line  between  the  microtron  and 
booster  synchrotron,  and  a  ejection  line  from  the  booster 
synchrotron  to  the  ANKA  storage  ring.  The  microtron 
delivers  an  electron  pulse  with  a  duration  of  0.5  -  1.2  ps 
and  a  current  of  more  than  10  mA.  The  multi-turn 
injection  process  leads  to  a  stored  electron  current  of 
more  than  15  mA  in  the  booster  synchrotron.  The 
extracted  electron  pulse  has  a  duration  of  ~  56  ns,  a 
current  of  more  than  7.5  mA  and  an  emittance  of  0.15 
mm  mrad.  The  whole  injection  cycle  is  repeated  with  a 
rate  of  1  Hz.  The  microtron  has  been  commissioned  at  its 
final  position  in  ANKA.  The  assembling  of  the  booster 
will  be  done  in  April  99  and  a  500  MeV  accelerated  beam 
is  expected  by  summer  99.  A  detailed  description  of  the 
optics  of  the  booster  synchrotron  is  presented  elsewhere 
[2]. 

2  THE  PRE-INJECTOR 

The  schematic  layout  of  the  microtron  is  shown  in  fig.  2, 
3  and  4,  while  its  main  parameters  are  listed  in  table  1. 
The  E-gun  is  a  70  keV  spherical  pierce  type  with  a  BaO 
cathode.  The  maximum  gun  current  is  around  500  mA, 
with  a  pulse  length  of  5  ps. 


500  MHz  Cavity 


Figure  1:  The  injector  complex  of  the  ANKA  project 

Behind  the  E-gun  the  chopper  is  located,  this  will  give  the 
beam  the  500  MHz  structure  according  to  the  RF-system 
of  the  booster  synchrotron. 

Starting  at  the  E-gun  the  electron  beam  is  guided  by  a 
constant  solenoid  field  and  a  horizontal  focussing 
quadrupol  singlet.  Two  achromatic  45°  bending  magnets 
deflect  the  beam  to  the  linac  axis.  The  linac  is  a  side 
coupled  3  GHz  standing  wave  Los  Alamos  Type  with 
7+2*  1/2  Cells.  The  parameters  of  the  linac  are  listed  in 
table  1.  After  the  first  linac  pass  the  beam  is  reversed  and 
in  the  second  linac  pass  accelerated  in  the  other  direction. 
After  10  passes  through  the  linac  the  beam  is  extracted 
with  a  constant  energy  of  53  MeV  with  the  help  of  a  15° 
bending  magnet.  Fig.  3  shows  the  top  view  of  the 
microtron.  In  the  tracks  1-9  horizontal  and  vertical 
steerers  are  located  which  allow  to  steer  the  beam  through 
the  machine. 
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Figure  2:  Outline  of  the  ANKA  microtron 


Table  1:  Main  parameters  of  the  racetrack  microtron 


Injection  energy 

70  keV 

No.  of  Linac  passes 

10 

Energy  gain  per  path 

5.3  MeV 

Frequency 

2.998  GHz 

Final  electron  energy 

53  MeV 

Emittance  (hor/ver) 

•  0.2  mm  mrad 

Energy  spread 

<0.3% 

Pulse  current 

10  mA 

Pulse  length 

0.4-  1.4  ps 

Repetition  rate 

0-10  Hz 

Klystron 

CPI/VKS-8262E 

Modulator 

Line  type  pulser 

RF-power  /peak 

6MW 

Q- value  of  linac 

18000 

Length  of  linac 

0.4  m 

Phase  acceptance 

13° 

Coupling 

Side  coupled 

The  RF-power  for  running  the  linac  is  delivered  by  a  6 
MW-klystron  fed  by  a  modulator  consisting  of  a  line  type 
pulser.  The  energy  for  the  modulator  is  stored  in  a  pulse 
forming  network  which  delivers  a  primary  voltage  to  a 
1:10  pulse  transformer.  The  klystron  energy  is  transported 
to  the  linac  through  a  SF  6  filled  wave  guide  system. 
Within  the  wave  guide  system  is  a  -28  dB  circulator 
which  protects  the  klystron  from  being  damaged  by 
reflected  RF-power  of  the  linac.  A  bi-directional  coupler 
is  located  at  the  input  coupler  of  the  linac.  The  reflected 
power  signal  and  the  RF-pulse  are  shown  in  fig.  5.  The 
RF-pulse  has  a  power  of  -  2.5  MW  and  a  flat  top  of  more 
than  1.5  ps  duration. 


Figure  3:  Top  view  to  the  ANKA  microtron 


Figure  4:  Microtron  injection,  klystron,  linac  wave  guide, 
E-gun,  500  MHz  chopper 


Figure  5:  3  GHz  signal  measured  with  a  pickup  at  the  end 
of  the  linac  (green  line).  Reflected  power  signal  measured 
in  the  wave  guide  (red  line) 
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The  diagnostic  tools  for  measuring  the  properties  of  the 
beam  within  the  microtron  are  summarized  in  table  2. 
There  are  overall  9  current  transformers  distributed  in  the 
racetracks.  Three  fluorescent  screens  are  located  at  10 
MeV  (track  2)  and  two  additional  ones  at  15  MeV  (track 
3). 


Table  2:  The  diagnostic  tools  of  the  Microtron 


Diagnostic  tool 

Location 

Number 

Current  transformer 

9 

Sync,  light  monitor 

180-Bend 

1 

Fluorescent  viewer 

track  2,  track  3 

3 

RF-Pick-up 

Linac 

2 

Bi-directional  coupler 

Wave  guide 

2 

Figure  8:  The  53  MeV  extracted  electron  beam.  The  grid 
constant  is  1  mm. 


Only  the  fourth  track  (20  MeV)  has  no  diagnostic  tools. 
From  the  fifth  to  the  tenth  track  the  beam  can  be  observed 
either  through  the  emitted  synchrotron  light  or  using  the 
current  monitors.  The  signals  from  the  current  monitor  at 
the  5th,  6*,  8th  and  10th  track  are  presented  in  fig.  6.  From 
this  figure  it  follows  that  the  beam  losses  between  turns  5 
to  8  are  relatively  small.  A  CCD  camera  is  used  to  detect 
the  synchrotron  light  which  is  observed  in  one  of  the  main 
dipoles  (see  fig.  7). 


Tin  e  /  [ps] 

Figure  6:  Pulse  of  the  current  monitor  within  the  tracks  5, 
6 , 8  and  10 

The  extracted  beam  has  a  pulse  width  of  up  to  1.2  ps  and 
an  average  amplitude  of  1 1  mA.  The  vertical  focussing  of 
the  microtron  was  modified  during  the  commissioning  by 
changing  the  gradient  of  one  of  the  main  dipoles. 


Figure  7:  The  synchrotron  light  of  the  accelerated  beam 
within  the  turns  4  to  10  (from  right  to  left) 


Figure  8  shows  the  size  of  the  extracted  beam  measured  at 
the  beam  dump.  For  this  picture  the  dump  was  covered 
with  a  grid  of  a  spacing  of  1  mm.  The  spot  size  is  about  3 
x  3  mm  which  is  close  to  the  theoretical  value  of  2  x  2 
mm.  The  specifications  of  the  extracted  beam  are 
summarized  in  table  3. 


Table  3:  Specifications  of  the  extracted  microtron  beam 


Item 

Design 

Guaran¬ 

teed 

Commis¬ 

sioning 

Current/  mA 

15 

10 

16 

Pulse  length  /ps 

1 

1 

1.6 

Energy/  MeV 

53 

53 

53 

Repetition  rate/ 
Hz 

10 

10 

6 

Frequenz 

modulation/MHz 

500 

500 

500 

3  BOOSTER  SYNCHROTRON 

The  production  of  all  items  for  the  booster  synchrotron 
and  the  transfer  lines  is  finished.  8  subsystems,  according 
to  the  number  of  bending  magnets,  will  be  assembled  at 
the  manufacturer  and  shipped  to  the  site  of  ANKA.  The 
installation  of  the  subsystems  at  ANKA  is  foreseen  for 
the  end  of  April.  The  RF-System  (cavitiy,  low-level- 
electronic,  etc.)  will  be  delivered  by  Sincrotrone  Trieste. 
The  acceptance  test  of  the  RF-system  has  been  performed 
and  the  assembling  at  ANKA  will  take  place  also  at  the 
end  of  April.  The  control  system  for  running  the  booster 
will  be  built  by  a  collaboration  of  FZK  and  Jozef-Stefan- 
Institute  in  Ljubljana,  Slovenia.  A  test  of  this  system  has 
already  been  made  with  the  commissioning  of  the 
microtron.  The  part  for  controlling  the  booster  will  also 
be  finished  by  May  99.  The  commissioning  of  the  booster 
synchrotron  will  start  in  May  99  and  an  accelerated  beam 
is  expected  for  summer  99. 
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Abstract 

SLS  is  a  high  brightness  light  source  with  4.8  nm  emittance 
at  2.4  GeV.  Particle  losses  due  to  Touschek  scattering  will 
strongly  affect  the  beam  lifetime. 

We  present  Touschek  lifetime  calculations  based  on  a 
refined  tracking  procedure  for  determination  of  the  lattice 
momentum  acceptance.  The  dependency  of  lifetime  on  the 
gap  height  of  insertion  devices  and  on  the  RF  cavity  volt¬ 
age  is  studied  in  detail  for  the  reference  optics  of  the  SLS 
storage  ring  lattice. 

Including  gas  scattering  losses  we  expect  3.5  hrs  of  total 
lifetime  for  1  nCb  bunch  charge  and  0.1  %  coupling.  In¬ 
stallation  of  a  3rd  harmonic  cavity  for  bunch  lengthening 
would  increase  the  total  lifetime  to  8  hrs  and  thus  is  recom¬ 
mended. 

1  TOUSCHEK  TRACKING 

Touschek  lifetime  is  approximately1  given  as  function  of 
momentum  acceptance  (MA)  and  bunch  volume  integrated 
over  the  lattice  structure  [6,  12]. 

While  the  RF  MA  is  given  by  the  cavity  voltage  and  al¬ 
most  constant  along  the  lattice,  the  lattice  MA  depends  on 
where  the  scattering  event  occurred  and  varies  along  the 
lattice.  In  particular  we  have  to  distinguish  between 

•  non-dispersive  sections,  where  a  scattered  particle  will 
just  follow  the  dispersive  orbit,  and  local  MA  is  deter¬ 
mined  by  the  momentum  range  of  closed  orbit  exis¬ 
tence  or  physical  aperture,  and 

•  dispersive  sections,  where  a  scattered  particle  will 
start  an  oscillation  around  the  dispersive  orbit,  and  lo¬ 
cal  MA  may  be  determined  by  dynamic  aperture  or  by 
mismatch  of  dynamic  to  physical  aperture. 

Usual  calculations  [13]  assume  a  perfectly  linear  and  chro- 
maticity  corrected  lattice  and  obtain  the  local  MA  from 

&(».>- AUflX+J  a> 

with  5  :=  Ap/p0,  H0  the  lattice  invariant  (dispersion’s 
emittance)  at  scattering  location  and  (3xi,  rji,  aXi  horizontal 
beta  function,  dispersion  and  vacuum  chamber  half  width 
at  other  lattice  locations. 

In  modem  light  sources,  designed  for  lowest  emittance 
(at  limited  circumference),  strong  sextupoles  for  correction 
of  large  chromaticities  generated  by  the  required  focusing, 
introduce  significant  nonlinearities  into  the  lattice  that  have 
to  be  considered  in  MA  calculations: 

'The  well-known  integral  formula  assuming  flat  beams  and  nonrela- 
tivstic  transverse  motion  agrees  on  a  10  %  level  with  detailed  Monte  Carlo 
simulations  [8], 


X' 


Figure  1:  Nonlinear  betatron  motion:  A  Touschek  scattered 
particle  starting  to  oscillate  around  the  off-momentum  orbit 
would  be  accepted  by  the  linear  separatrix  (ellipse)  but  not 
by  the  nonlinear  separatrix. 


•  Momentum  dependency  of  linear  optics  parameters: 
Calculations  on  light  source  lattices  optimized  for 
large  MA  [1]  have  to  consider  momentum  deviations 
up  to  ±10%.  Within  this  wide  range  the  2vx,2vy 
chromatic  resonance  drive  terms  from  the  sextupoles’ 
Hamiltonian  cause  momentum  dependent  beta  beats 
and  second  order  chromaticities  [2]. 

•  Nonlinear  variation  of  closed  orbit  with  momentum, 
i.e.  higher  order  dispersion  as  included  earlier  in  cal¬ 
culations  at  SOLEIL  [11], 

•  Nonlinear  betatron  motion:  Momentum  dependent 
dynamic  apertures  smaller  than  the  physical  apertures 
or  distortions  of  the  transverse  eigenfigures  and  mis¬ 
match  to  the  physical  apertures  as  illustrated  in  Fig.  1 
lead  to  a  reduction  of  local  MA. 

•  Synchrotron  oscillation:  Due  to  higher  order  chro- 
maticity  scattered  particles  walk  over  wide  regions  in 
the  tune  diagram  crossing  several  betatron  resonances. 
Hence  we  observe  a  significant  reduction  of  MA  when 
including  synchrotron  oscillations  compared  to  fixed- 
8  calculations. 

•  Magnet  alignment  errors:  Touschek  lifetime  depends 
on  the  emittance  coupling  factor  k  =  eyjex.  Includ¬ 
ing  alignment  errors  generating  nonzero  k  in  a  flat  lat¬ 
tice  is  required  to  predict  numbers  for  average  life¬ 
time  and  its  variation  for  different  error  distributions 
(’’seeds”). 

•  Mini  gap  insertions:  The  beam  halo  has  larger  cou¬ 
pling  than  the  beam  core,  as  observed  for  example  at 
ESRF  [10],  since  large  amplitude  particles  from  scat¬ 
tering  suffer  more  from  higher  order  coupling  reso¬ 
nances.  For  the  performance  of  light  sources  using 
undulators  with  full  gap  heights  as  small  as  4  mm  it  is 
essential  to  know  how  this  affects  the  lifetime. 
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In  order  to  include  all  these  effects  from  the  Touschek  life¬ 
time  point  of  view  we  take  a  brute  force  approach  by  start¬ 
ing  particles  from  the  beam  core  with  some  momentum  de¬ 
viation,  i.e  with  the  6D  initial  vector  (x,  px ,  y,  py ,  8,  As)  = 
(0, 0, 0, 0,  ±5, 0)  as  it  will  be  immediately  after  a  Touschek 
scattering  event  [12].  Tracking  and  binary  search  for  the 
maximum  accepted  8  gives  the  local  MA.  The  resulting 
stepwise  function  of  lattice  MA  8%cc(s)  then  is  entered 
into  the  Touschek  integral.  If  misalignments  are  to  be  in¬ 
cluded  the  calculation  is  repeated  for  a  number  of  random 
seeds.  This  procedure  was  implemented  into  the  program 
TRACY  [5], 

2  MODEL  PARAMETERS 

The  SLS  lattice  in  “D2A  optics”  as  current  reference  lattice 
has  dispersion  free  straight  sections  with  mini-/3-optics, 
and  a  natural  emittance  of  4.8  nm  at  2.4  GeV.  The  work¬ 
ing  point  was  set  to  20.82/8.28  as  a  compromise  between 
sextupole  Hamiltonian  suppression  requirements  [1]  and 
vertical  closed  orbit  distortion  minimization.  This  is  not 
the  lattice  mode  with  optimum  dynamic  aperture  but  still 
provides  a  TRELMA2  of  5. 1  %  (fixed-J-calculation),  which 
is  larger  than  3.9%  provided  by  the  2.6  MV  RF  system  [7]. 

At  SLS  magnets  are  rigidly  mounted  onto  girders,  the 
girders  are  connected  into  a  “train  link”  by  means  of  hor¬ 
izontal  sensor  and  hydrostatic  levelling  systems  [3].  The 
following  table  gives  alignment  (horizontal  &  vertical)  and 
tilt  errors  considered  as  realistic  (rms  values,  cut  at  2a): 


shift  [um] 

tilt  [fj,rad\ 

elements  to  girder 

50 

100 

girder  to  girder 

100 

0 

girder  absolute 

300 

25 

After  setting  the  misalignments  a  SVD  closed  orbit  cor¬ 
rection  was  applied,  preceded  by  a  beam  threader,  if  no 
initial  orbit  was  found,  and  followed  by  an  emittance  cou¬ 
pling  suppression  by  means  of  small  skew  quadrupoles  [4], 
The  average  coupling  was  0.27%  before  and  0.10%  after 
coupling  suppression. 

The  narrow  gap  from  insertion  devices  was  included  in 
tracking  by  reducing  the  vertical  aperture  on  a  length  of 
2  m  in  all  six  short  straight  sections  ((i*  =  1.6.  m). 

Tracking  was  done  for  1.5  synchrotron  oscillation  peri¬ 
ods  (100. . .  300  turns).  Binary  search  resolution  for  deter¬ 
mination  of  local  MA  was  0.01  %.  All  calculations  assumed 
1  nCb  single  bunch  charge. 

3  RESULTS 

3. 1  Touschek  lifetime  and  RF  voltage 

Fig.  2  displays  the  Touschek  lifetime,  normalized  to 
k  -  0.1%,  for  the  error  free  lattice  in  linear  approximation 

2The  Touschek  relevant  effective  lattice  momentum  acceptance  is  the 
MA  value,  where  the  RF  alone  (i.e.  infinite  lattice  MA),  set  to  the  corre¬ 
sponding  voltage,  and  the  lattice  alone  (i.e.  infinite  RF  MA)  give  equal 
Touschek  lifetimes  (normalized  to  bunchlength)  [12] 


Beam  lifetime  in  SLS  storage  ring 


Rf  voltage  [MV] 


Figure  2:  Touschek  lifetime  as  a  function  of  RF  voltage  for 
progressive  model  refinements: 

linear  lattice,  no  errors,  fixed-5  ( - ) 

adding  lattice  nonlinearities  ( - ) 

adding  synchrotron  oscillation  (  <>  ) 

adding  alignment  errors,  <  k  >  =  0.27%,  normalized  to 

K  =  0.1%  (□  ODD  ) 

adding  coupling  control,  </c>  =  0.1%,  (x,S/) 

according  to  eq.(l)  and  for  the  nonlinear  optics  in  fixed-d- 
calculation  as  well  as  with  synchrotron  oscillation.  Mini 
gaps  were  not  yet  set. 

Already  for  the  ideal  lattice  we  see  a  strong  reduction 
of  lifetime,  i.e.  lattice  MA  (dynamic  aperture),  when  in¬ 
cluding  nonlinearities  and  synchrotron  oscillation.  Thus  in¬ 
creasing  the  RF  voltage  beyond  the  planned  2.6  MV  would 
gain  only  little  in  lifetime. 

After  introducing  misalignments  and  closed  orbit  correc¬ 
tion  we  observe  large  spread  of  different  seeds  and  further 
(K-normalized!)  lifetime  decrease,  however  after  applying 
coupling  suppression  the  ideal  lattice  values  are  restored 
and  the  spread  from  different  seeds  is  compressed  as  shown 
for  two  voltage  values  in  Fig.  2. 

3.2  Touschek  lifetime  and  gap  height 

Fig.  3  displays  the  Touschek  lifetime,  again  normalized  to 
k  =  0.1%,  as  a  function  of  the  mini  gap  full  height.  The 
ideal  lattice  assuming  100%  halo  coupling  would  have  re¬ 
duced  lifetime  for  full  gap  heights  <10  mm.  Assuming 
0.1%  for  both  core  and  halo  coupling  the  mini  gaps  show 
no  effect.  After  introducing  misalignment  errors  (fixed-6- 
calculation)  we  see  that  the  halo  coupling  is  larger  than  the 
core  coupling  but  not  at  100%. 

Including  synchrotron  oscillation  seriously  decreases 
lifetime  for  any  gap  height.  However  after  coupling  cor¬ 
rection,  the  ^-normalized  lifetime  recovers  and  becomes 
almost  independent  of  mini  gap  height. 

Fig.  4  illustrates  how  lifetime  limitations  from  the  mini 
gap  insertion  are  removed  by  coupling  correction. 
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Beam  lifetime  in  SLS  storage  ring 


Figure  3:  Touschek  lifetime  vs.  insertion  gap  full  height: 

Error  free  lattice  for  Khaio  =  100%  ( - )  and 

Khaio  =  «core  =  0.1%  ( - ),  (nonlinearities  in¬ 

cluded,  fixed-<5  calculation,  Vrf  =  2.6  MV) 

Lattice  with  alignment  errors,  fixed-#  calculation, 
Vrf  =  2.6  MV  (•  •  •  x  •  -  -) 

Tracking  with  synchrotron  oscillations,  VTf  =  4.2  MV, 
<  k  >  =  0.27%,  normalized  to  k  =  0.1%  (■  ■  •  A  ••  •) 
Application  of  coupling  suppression,  <  k  >  =  0.1%,  for 
Vrf  =4.2  MV  (  )  and  2.6  MV  (•••<>••) 

Points  outside  plot  window  are  for  a  full  “gap”  height  of 
32  mm,  i.e.  no  insertions. 


<koppo>  =  0.00273248 


<koppo>  =  0.00105007 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 
kappa  [o/oo] 


Figure  4:  Touschek  lifetime  vs.  emittance  coupling  factor 
k  without  (left)  and  with  (right)  coupling  correction  for  dif¬ 
ferent  seeds  of  alignment  error  settings.  Points  not  lying  on 
the  dotted  T  oc  y/n  curve  for  the  ideal  lattice  indicate  beam 
losses  at  the  insertion’s  4  mm  gap.  Actually  the  average 
lifetime  is  higher  with  reduced  coupling! 

3.3  Gas  scattering  lifetime 

Scattering  of  electrons  on  residual  gas  molecules  also  im¬ 
poses  serious  lifetime  restrictions:  The  cross  section  for 
electron  losses  after  elastic  scattering  depends  on  the  mini¬ 
mum  transverse  acceptance  and  on  the  vacuum  conditions. 
With  an  insertion  length  of  «2  m,  (3y  =  2.2  m  at  entrance 
and  exit  as  provided  by  the  “D2A”  optics  of  the  SLS  lattice 
is  almost  at  optimum.  Assuming  1  nTorr  of  carbon  monox¬ 
ide  for  the  residual  gas,  the  gas  scattering  lifetime  obtained 


from  the  code  ZAP  [13]  is  14  hrs  for  4  mm  insertion  full 
gap  height. 

3.4  RF  upgrade  for  lifetime  improvement 

Increasing  the  RF  voltage  in  order  to  raise  the  RF  MA  or 
installation  of  a  3rd  harmonic  cavity  for  bunch  lengthen¬ 
ing  are  two  options  for  increasing  the  Touschek  lifetime. 
Higher  voltage  gains  little  lifetime,  at  least  for  the  lattice 
mode  investigated  here.  The  harmonic  cavity  however, 
fighting  Touschek  effect  at  its  origin  instead  of  curing  the 
consequences,  would  lengthen  the  bunch  and  correspond¬ 
ingly  the  Touschek  lifetime  by  a  factor  of  4  and  thus  is  the 
method  of  choice  [9].  The  following  table  displays  results 
of  Touschek  and  total  lifetime  assuming  4  mm  gap  inser¬ 
tions  without  and  with  a  3rd  harmonic  cavity3: 


Vrf 

Touschek 

Gas 

Total 

[MV] 

[hrs] 

[hrs] 

[hrs] 

2.6  [+3rd  harm.cav.] 

4.8  [19] 

14 

3.6  [8.1] 

4.2  [+3rd  harm.cav.] 

5.9  [24] 

14 

4.2  [8.8] 

4  CONCLUSION 

Mini  gap  insertion  devices  in  the  lattice  partially  reverse  the 
usual  dependency  of  Touschek  lifetime  on  emittance  cou¬ 
pling:  suppression  of  the  coupling  factor  to  values  as  low 
as  10-3  gives  optimum  beam  lifetime  and  removes  sensi¬ 
tivity  of  the  lifetime  to  particular  alignment  error  settings 
while  on  the  other  hand  providing  high  brightness.  Larger 
emittance  coupling  does  not  increase  the  beam  life  time. 

Increasing  the  RF  voltage  showed  insignificant  gain  in 
lifetime,  at  least  for  the  lattice  mode  studied  here. 

For  SLS  at  standard  operation  conditions  we  expect  a 
total  lifetime  of  3 1  hrs  which  may  be  increased  to  8  hrs  by 
means  of  a  3rd  harmonic  cavity. 
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DIAMOND:  A  UK  NATIONAL  LIGHT  SOURCE  PROJECT 
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VP  Sutler,  A  Wolski,  CLRC  Daresbury  Laboratory,  Warrington  WA4  4AD,  UK 


Abstract 

Modifications  to  the  original  racetrack  lattice  concept  as 
used  in  the  feasibility  study  of  the  DIAMOND  light 
source  project  are  presented  here.  Double  bend  achromat 
structures  with  both  16  and  20  cells  are  described,  with  4 
fold  superperiodicity.  The  production  of  higher  brightness 
beams  through  lower  emittance  is  achieved  by  optics 
solutions  having  finite  dispersion  in  the  long  straights. 
The  implications  of  insertion  device  minimum  gaps  and  of 
the  beam  energy  spread  are  discussed  with  reference  to 
the  specification  of  the  radiation  spectrum  required  by 
users. 

1  PROJECT  BACKGROUND 

In  1998  the  UK  government  announced  that  funding  had 
been  allocated  for  a  new  X-ray  synchrotron  source,  to 
replace  the  existing  SRS  at  the  Daresbury  Laboratory. 
These  funds  will  be  jointly  provided  by  the  Government 
and  the  Wellcome  Trust,  which  has  a  remit  to  fund 
research  in  the  life  sciences.  The  announced  funding 
covers  the  3  year  period  from  April  1999,  but  it  is 
assumed  that  later  allocations  will  cover  the  full  6  year 
project  timescale. 

A  review  of  the  synchrotron  radiation  needs  of  the  UK 
user  community  has  recommended  construction  of  a 
medium  energy  ring  that  complements  the  ESRF  facilities 
in  Grenoble;  however  for  applications  below  about  50-100 
eV  an  alternative  national  low  energy  source  has  been 
envisaged  [1].  The  3  GeV  DIAMOND  design  has 
demonstrated  the  feasibility  of  an  X-ray  synchrotron 
source  at  a  scale  suitable  for  the  needs  of  the  UK  user 
community.  Designed  originally  as  a  16  cell  double  bend 
achromat  (DBA)  racetrack  [2],  this  has  now  been 
modified  to  a  4  fold  superperiodicity  to  obtain  improved 
flexibility  and  a  better  dynamic  aperture  [3]. 

Although  a  formal  specification  for  DIAMOND  is  still 
in  the  process  of  being  agreed,  it  is  apparent  that  an 
important  application  of  the  facility  will  be  in  protein 
crystallography  using  samples  of  typical  dimension  50pm 
and  with  very  large  cell  dimensions.  For  this  application 
high  brightness  photons  at  the  selenium  K-edge  (12.7 
keV)  are  essential,  with  energies  up  to  about  20  keV  also 
desirable,  and  several  versions  of  the  DIAMOND  lattice 
have  been  studied  to  optimise  performance  against  these 
criteria.  High  fluxes  up  to  50  keV  will  be  provided  by 
multipole  wigglers  (MPW),  with  energies  beyond  this 
available  from  high  field  insertions;  DIAMOND  is  also 


well  optimised  for  high  brightness  output  in  the  soft  X-ray 
region  down  to  100  eV  or  below.  The  extent  to  which 
even  lower  output  energy  (5-50  eV)  can  meet  a  defined 
user  case  is  still  under  investigation,  but  will  not  alter  the 
overall  DIAMOND  optimisation. 

Choosing  between  undulators  or  MPWs  to  deliver  the 
required  photon  beams  can  have  a  significant  influence  on 
the  facility  specification,  not  least  in  the  rf  system 
demands.  Additional  factors  are  the  ultimate  minimum 
gap  achievable  with  insertion  devices  and  the  electron 
beam  energy.  The  study  of  these  issues  reported  here 
indicates  that  a  3  GeV,  20  cell  DBA  lattice  operated  with 
finite  dispersion  in  the  long  straights  and  with  a 
circumference  of  about  400  m  will  produce  the  necessary 
high  brightness  beams  up  to  20  keV. 

2  RACETRACK  LATTICE 

The  original  16  cell  racetrack  lattice  [2]  consisted  of  2 
super-long  cells  together  with  6  high  and  8  low  radial  beta 
cells  for  injection,  rf  systems  and  more  standard  insertion 
devices.  By  independently  powering  the  quadrupoles 
exact  matching  could  be  obtained  between  each  type  of 
cell.  However  the  effect  of  the  2  super-long  straights  was 
to  make  the  lattice  fairly  sensitive  to  errors  and  the  2-fold 
superperiodicity  impacted  strongly  on  the  dynamic 
aperture  achievable. 

3  FOUR-FOLD  LATTICE 

With  the  continuing  assessment  of  user  requirements  and 
after  a  review  of  the  design  of  the  racetrack  machine  it 
was  decided  that  the  basic  DIAMOND  design  could  be 
modified  to  obtain  a  number  of  improvements.  Four-fold 
symmetry  was  selected  with  the  prospect  of  better 
nonlinear  lattice  behaviour  and  the  superstraights  were 
shortened  but  able  to  accommodate  all  the  accelerating 
cavities  in  one  straight  and  injection  components  in 
another.  Initial  studies  have  been  carried  out  on  a  DBA 
structure  composed  of  16  cells  in  four  superperiods  with 
straight  section  types  in  the  following  order:  long  - 
short(low  pr)  -  short(high  Pr)  -  short(low  Pr). 

It  is  important  in  determining  the  final  performance  of 
this  type  of  lattice  that  the  flexibility  to  vary  the  straight 
section  beta  functions  is  assessed;  this  however  is 
dependent  on  fully  optimising  the  nonlinear  properties  of 
the  lattice  in  each  configuration.  At  the  moment  both  the 
achromat  and  the  short  straights  are  based  on  those  of  the 
previous  racetrack  machine.  The  long  straights  have  the 
same  quadrupole  arrangement  but  are  now  matched  into 
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an  11.8  m  straight  instead  of  the  shorter  straight. 
Preliminary  nonlinear  studies  of  this  type  of  lattice  at  a 
variety  of  tune  points  have  been  carried  out,  and  the 
results  indicate  a  significant  improvement  in  the  ease  of 
obtaining  reasonable  dynamic  properties  compared  with 
the  more  demanding  two-fold  symmetric  racetrack 
machine. 


4  20  CELL  LATTICE 

As  a  national  facility  designed  to  satisfy  the  UK’s  needs 
well  into  the  next  century,  the  DIAMOND  design  must 
have  the  potential  to  deliver  the  number  of  sources  and  the 
quality  of  beam  expected  by  users  throughout  its  lifetime. 
Therefore  studies  have  been  carried  out  to  investigate  the 
performance  and  feasibility  of  a  facility  based  upon  a 
larger  circumference,  lower  emittance  ring.  By  extending 
the  16  cell  four-fold  symmetric  lattice  to  20  cells,  it  has 
been  possible  to  confirm  a  reduction  of  emittance  by 
about  a  factor  of  two,  together  with  a  useful  increase  in 
straight  sections  available  for  IDs  from  14  to  18. 

The  parameters  for  a  potential  20  cell  lattice  are 
compared  with  those  of  the  16  cell  lattice  in  Table  1. 
Although  there  is  a  significant  increase  in  circumference 
over  the  original  16  cell  lattices,  this  facility  can  fit 
comfortably  on  the  Daresbury  site.  The  table  illustrates  a 
four-fold  symmetric  solution  but  other  options,  such  as  a 
five-fold  or  even  ten-fold  symmetries,  are  still  under 
consideration. 


Table  1 :  Comparison  of  1 6  and  20  cell  lattices 


Lattice 

16  cell 

20  cell 

Energy  [GeV] 

3.0 

3.0 

Circumference  fin] 

329.2 

396.8 

Max  length  for  IDs  [m] 

12x4.5 

4x8.0 

16  x  4.5 
4x8.0 

Injection  energy  [GeV] 

3.0 

3.0 

Beam  current  [mA] 

300 

300 

Emittance;  h,  v  [nm  rad] 

12.9,  0.13 

7.8,  0.08 

Source  size  ( <7 )  [pm2] 

Long  straight;  h  x  v 

Short  straight;  h  x  v 

497  x  31.5 
374  x  10.2 

249  x  15.3 
279  x  11.2 

The  theoretical  minimum  emittance  in  a  DBA  can  be 
reduced  by  a  factor  of  3  by  allowing  finite  dispersion 
outside  the  achromatic  arc.  Studies  with  various  realistic 
lattices  have  confirmed  that  it  is  possible  in  practice  to 
obtain  significant  reduction  in  emittance  under  such 
conditions.  In  the  particular  case  of  a  3  GeV,  20  cell 
lattice  with  4-fold  symmetry,  the  emittance  can  be 
reduced  from  8  nm-rad  to  about  3-nm-rad,  with 
consequent  major  benefits  in  the  brightness.  Table  2 
shows  the  comparison  between  lattice  parameters  for  zero 
and  finite  dispersion. 


Table  2:  Comparison  of  Zero/Finite  Dispersion  Settings 


16  cell 

20  cell 

n  =  0 

nit  0 

n  =  0 

77  *  0 

Emittance  £0  [nmrad] 

12.9 

4.95 

7.8 

2.67 

Mom"  compacn  [10‘4] 

8.73 

8.42 

4.64 

4.45 

Betatron  tune  0. 

16.41 

16.40 

20.46 

20.48 

Betatron  tune  0,. 

9.85 

9.88 

11.93 

11.29 

Nat.  chromat.  £x 

-63.60 

-46.63 

-69.9 

-69.4 

Nat.  chromat.  £ 

-22.25 

-22.63 

-21.6 

-27.6 

Long  straight  T]x  [m] 

0 

0.237 

0 

0.144 

Short  straight  TJX  [m] 

0 

0.185 

0 

0.155 

Long  straight  /3X  [m] 

16.3 

14.2 

8.08 

8.00 

Long  straight  /3  [m] 

6.55 

9.00 

3.05 

2.10 

Short  straight  /5X  [m] 

9.22 

8.52 

10.1 

10.1 

Short  straight  f}y  [m] 

0.690 

0.753 

1.63 

1.20 

Representative  lattice  functions  for  the  finite  dispersion 
solution  of  the  20  cell  version  are  shown  in  Fig.  1 . 
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Figure  1 :  Finite  dispersion  lattice  functions. 

5  PHOTON  OUTPUT 

The  photon  output  from  DIAMOND  will  cover  a  large 
range,  from  infra-red  to  hard  X-ray,  although  the  source  is 
optimised  to  provide  undulator  output  from  about  100  eV 
to  at  least  5  keV  and  multipole  wiggler  output  to  beyond 
50  keV.  The  photon  energy  range  between  about  5  to  20 
keV  has  recently  taken  on  new  importance  with  the 
greater  emphasis  on  the  user  case  for  life  sciences  and,  in 
particular,  protein  crystallography.  This  photon  range  is  in 
the  crossover  region  for  use  of  multipole  wigglers  and 
undulators  in  a  3  GeV  source.  The  assumptions  applied  in 
earlier  parameter  feasibility  studies,  such  as  the  minimum 
insertion  device  gap  and  the  highest  undulator  harmonics 
to  use,  have  been  studied  more  carefully  and  revised. 
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5.1  Insertion  Device  Gap 

Early  feasibility  studies  for  DIAMOND  assumed  an  initial 
insertion  device  gap  of  20  mm  with  a  gradual  move 
towards  smaller  gaps  (and  therefore  higher  photon  energy 
output  from  undulators)  after  the  machine  was 
commissioned  and  well  understood.  This  approach  is  no 
longer  possible  as  the  source  must  now  have  undulator 
beamlines  in  the  5  to  20  keV  region  operating  from  day 
one.  Calculations  have  confirmed  that  beam  lifetimes 
longer  than  10  hours  should  be  available  with  5m  long 
vacuum  vessels  within  an  insertion  device  magnet  gap  of 
15  mm  or  alternatively  with  shorter  2m  long  vessels 
within  a  reduced  magnet  gap  of  10mm.  The  results  of 
representative  ideal  gas  scattering  calculations  are  shown 
in  Fig.  2  and  illustrate  that  at  small  gaps  the  elastic 
(coulomb)  component  dominates  the  losses;  good  lifetime 
is  however  still  obtained  for  beam-stay-clear  apertures 
well  under  10  mm,  giving  confidence  in  utilisation  of 
small  gap  undulators.  It  is  likely  that  in- vacuo  solutions 
for  DIAMOND  insertion  devices  will  also  be  explored. 


Figure  2:  Gas  scattering  lifetime  dependence  on  vertical 
aperture  in  a  5m  long  insertion  device  vessel. 

5.2  Use  of  High  Undulator  Harmonics 

Undulators  have  generally  been  designed  to  utilise  the 
first,  third  and  occasionally  fifth  harmonics.  For  hard  X- 
ray  beam  lines  requiring  high  brightness  in  DIAMOND  it 
will  be  important  to  exploit  harmonic  output  beyond  the 
fifth  and  this  has  been  carefully  assessed.  It  is  well  known 
that  at  high  harmonics  factors  such  as  magnet  quality, 
beam  emittance  and  energy  spread  have  greater  influence 
on  the  quality  of  the  photon  output.  When  these  factors 
are  taken  into  account  the  on-axis  beam  brightness  can 
reduce  by  one  or  two  orders  of  magnitude  in  some 
circumstances.  However,  calculations  with  SRW  [4]  have 
shown  that  if  all  of  the  photons  in  the  central  cone  can  be 
accepted  by  the  beamline,  then  the  flux  reduction  is 
generally  less  than  a  factor  of  two  from  the  ideal,  even 
allowing  for  an  energy  spread  well  above  the  natural 
value.  A  summary  of  such  a  result  is  given  in  Fig.  3  and 


an  example  10  mm  gap  undulator  tuning  curve  is  shown  in 
Fig.  4. 


Undulator  Harmonic 


Figure  3:  Undulator  integrated  flux  at  10  mm  gap. 


Figure'  4:  Example  undulator  tuning  curve  for  a  25  mm 
period  and  10  mm  gap  device. 

DIAMOND  can  deliver  high  flux  output  from  its 
undulators  over  a  very  wide  energy  range  from  below  100 
eV  up  to  15  keV  and  beyond.  It  is  evident  that  at  the 
higher  energy  end  such  undulators  can  be  used  in 
preference  to  the  MPWs  for  topics  such  as  protein 
crystallography,  at  least  between  5  and  15  keV.  This  has 
major  implications  for  the  source  specification,  reducing 
the  overall  radiation  power  loading  and  also  ensuring  that 
an  electron  energy  increase  above  3  GeV  is  unnecessary. 
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THE  LATTICE  OF  THE  1.0  GeV  VSX  STORAGE  RING 
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Y.  Kobayashi,  KEK-PF 


Abstract 

The  University  of  Tokyo  has  been  promoting  a  future 
project  to  construct  a  third-generation  VUV  and  Soft  X- 
ray  light  source  (VSX).  The  VSX  ring  has  an  energy  of 
1.0  GeV,  an  emittance  of  about  0.7  nm*rad,  a 
circumference  of  about  230  m  and  two  30  m  long  straight 
sections  for  insertion  devices.  The  most  significant 
characteristic  of  the  VSX  ring  is  that  its  emittance  is 
below  a  diffraction  limit  for  the  photon  energy  of  100  eV. 
It  can  provide  the  VUV  and  Soft  X-ray  light  with  a 
maximum  brilliance  above  1  020 
[photons/sec/mm2/mrad2/0.1%  b.w.]  using  a  long 
undulator  installed  in  30  m  long  straight  section. 

1  INTRODUCTION 

The  University  of  Tokyo  aims  at  constructing  a  third- 
generation  VUV  and  Soft  X-ray  light  source  (VSX)  in  the 
new  Kashiwa  Campus.  In  general,  a  "third-generation" 
light  source  is  characterized  by  a  low  emittance  and  a  long 
straight  section  for  insertion  devices. 
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Figure  1:  The  emittance  versus  the  beam  energy  for  the 
typical  synchrotron  light  sources  in  the  world. 
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The  beam  emittance  of  the  VSX  ring  is  able  to  reach 
the  diffraction  limit,  e  -  X/4where  A  is  the  wavelength  of 
the  emitted  photon.  For  the  typical  photon  energy  of  100 


eV  (A,  -  12im),  the  diffraction  limit  is  about  1  nm*rad. 
The  minimum  value  of  the  beam  emittance  is  0.73 
nm*rad,  which  is  extremely  small  compared  with  the 
existing  synchrotron  light  sources  around  the  world  (see 
Fig.  1).  For  a  maximum  current  of  200  mA,  the  emittance 
becomes  slightly  larger  than  1  nm*rad  due  to  the  intra¬ 
beam  scattering. 

The  VSX  ring  has  two  30  m  long  straight  sections  for 
insertion  devices.  The  27  m  long  undulator  will  be 
installed  in  one  of  them,  which  is  capable  of  providing  a 
unprecedentedly  brilliant  synchrotron  light  in  the  VUV 
region. 

In  the  following  sections,  the  lattice  configuration,  the 
linear  optics,  the  chromaticity  correction  and  the  dynamic 
aperture  are  reported. 


2  LATTICE 

The  storage  ring  has  a  shape  of  racetrack  with  a 
circumference  of  230.2  m  (see  Fig.  2).  It  is  composed  of 
22  Normal  Cells ,  four  Matching  Sections  including  four 
Half  Cells  and  two  30  m  long  straight  sections.  The  Half 
Cell  is  slightly  different  from  a  half  of  Normal  Cell. 


2.1  Normal  Cell 


The  lattice  configuration  of  the  Normal  Cell  is  of 
Theoretical  Minimum  Emittance  type  [1],  which  has  an 
emittance  smaller  than  the  DBA  type  by  a  factor  of  three. 
The  theoretical  minimum  emittance  is  given  by. 


min 
£x0  ~ 

where  Cq 


1  2(2t^\ 

n4v>JxCq7  vaJ  ’ 

=  (55/32V3)(h me),  Jx 


(D 

is  the  damping 


partition  number  and  N  is  the  number  of  bending  magnets. 
As  Jx  is  almost  equal  to  1  for  the  bending  magnets  of  the 
separated  function  type,  the  theoretical  minimum 
emittance  is  0.56  nm*rad  for  N=24. 

To  realize  this  emittance  in  the  VSX  ring,  the 
horizontal  betatron  function  Px  and  dispersion  function  T)x 
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should  be  0.075  m  and  0.0063  m  at  the  center  of  a 
bending  magnet.  Thus  a  very  small  beam  size  less  than  10 
|im  is  attained  at  the  magnet  center,  so  that  a  high  brilliant 
light  can  be  supplied  to  bending  beamlines. 

2.2  Matching  Section 

A  T-T'  Section  (see  Fig.2  and  3)  is  composed  of  a  long 
straight  section  and  two  Matching  Sections.  The  Half  Cell, 
the  section  between  SD  and  BH,  reduces  the  t|x  of  Normal 
Cells  to  be  zero.  For  the  T-T’  Section  to  be  "transparent" 
for  the  non-linear  effects  and  behave  as  a  Normal  Cell,  the 
phase  advances  should  be, 

A<t>x  =  2nm  +  (f>x  Normal  Cell,  (2) 

A4*y  ”  27tn  +  <J)y  Normal  Cell.  (3) 

For  the  VSX  ring,  m=l  and  n=2  are  chosen.  Then  the 
optics  looks  as  if  it  were  perfectly  24-fold  symmetric  for 
on-momentum  particles. 


3  OPERATION  MODE 

Since  the  Touschek  effect  is  severe  for  Low  Emittance 
Mode  (LEM),  a  moderate  operation  of  High  Emittance 
Mode  (HEM)  is  prepared  for  easy  commissioning  and 
stable  operation. 

3.1  Low  Emittance  Mode 

The  emittance  of  Low  Emittance  Mode  is  0.73  nnrrad. 
The  fundamental  parameters  of  this  mode  are  listed  in 
Table  1 .  The  Touschek  lifetime  is  5  hours  due  to  the  small 
beam  size,  while  the  Coulomb  lifetime  is  about  10  hours 
at  10'loTorr. 


Table  1:  Fundamental  parameters  of  the  VSX  ring 
_ ( Low  Emittance  Mode) _ 


Energy 

E  [GeV] 

1.0 

Theoretical 

Lattice  Type 

Minimum 

Emittance 

Superperiod 

Ns 

-24 

Circumference 

C  [m] 

230.2 

Long  Straight  Section 

30m  x  2 

Natural  Emittance 

exo  [nm*rad] 

0.732 

Energy  Spread 

oe/E 

5.67X10"4 

Momentum  Compaction  Factor 

a 

4.49xl0"4 

Tune  Horizontal 

vx 

17.4 

Vertical 

vy 

7.71 

Natural  Chromaticity  Horizontal 

4x 

-38.7 

Vertical 

-39.3 

Damping  Time  Horizontal 

Tx  [msec] 

39.6 

Vertical 

Ty  [msec] 

39.8 

Longitudinal 

xz  [msec] 

19.9 

Revolution  Frequency 

frev[MHz] 

1.302 

RF  Voltage 

VrfIMV] 

0.5 

RF  Frequency 

fRFfMHz] 

500.1 

Synchrotron  Tune 

vs 

0.0037 

Bunch  Length 

oz[mm] 

2.52 

RF-bucket  Height 

(AE/E)rf 

0.040 

Figure  4:  The  optics  of  the  Normal  Cell  (LEM) 


BQ%Qo=^ . . ; . 

Figure  5:  The  optics  of  the  Matching  Section  (LEM) 


The  optics  of  the  Normal  Cell  and  the  Matching  Section 
are  shown  in  Fig.  4  and  5.  The  parameters  of  magnets  are 
listed  in  Table  2. 

The  chromaticity  is  corrected  by  only  2  families  of 
sextupoles  (SF,  SD)  in  the  Normal  Cells,  but  the  so-called 
harmonic  sextupole  is  not  used.  The  horizontal  and 
vertical  dynamic  apertures  after  chromaticity  correction 
are  shown  in  Fig.  8. 

3.2  High  Emittance  Mode 

The  emittance  of  High  Emittance  Mode  is  2.6  nm*rad. 
The  fundamental  parameters  of  this  mode  are  listed  in 
Table  3.  Touschek  lifetime  becomes  over  10  hours. 
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The  optics  of  the  Normal  Cell  and  the  Matching  Section 
are  shown  in  Fig.  6  and  7.  The  horizontal  and  vertical 
dynamic  apertures  after  chromaticity  correction  are  shown 
in  Fig.  8. 


Table  2:  Parameters  of  Magnets 


LEM 

HEM 

B 

m 

1.450  [T] 

1.450  [T] 

QF 

B'l/Bp  [1/m] 

1.664 

-0.622 

QD 

B'  1/B  p  [1/m] 

-0.715 

0.630 

SF 

(B"  1/B  p)  [1/m2] 

33.168 

-7.590 

SD 

(B”I/Bp)  [1/m2] 

-26.747 

4.015 

Table  3:  Parameters  for  High  Emittance  Mode 


Natural  Emittance 

exo  [nm*rad] 

2.64 

Momentum  Compaction  Factor 

a 

1.02x10 

Natural  Chromaticity  Horizontal 

5x 

-34.6 

Vertical 

Sy 

-18.7 

RF  Voltage 

Vrf  [MV] 

0.7 

Bunch  Length 

az  [mm] 

3.20 

RF-bucket  Height 

(AE/E)rf 

0.032 

0  12  3  4  5 


Hzn  t===< — ~i:===\ 

Figure  6:  The  optics  of  the  Normal  Cell  (HEM) 
Figure  7:  The  optics  of  the  Matching  Section  (HEM) 
Figure  8:  The  horizontal  and  vertical  dynamic  apertures 
normalized  by  exQ  . 
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Abstract 

The  1.5  GeV  compact  light  source  UCS  proposed  for 
UCLA  must  fit  into  a  shielded  vault  that  is  9.144  meters 
(30  feet)  wide.  In  order  for  the  machine  fit  into  the  into 
the  allowable  space,  the  ring  circumference  must  be 
reduced  36  meters,  the  circumference  of  the  six  cell  lattice, 
to  something  like  26  or  27  meters.  The  four  cell  lattice 
described  in  this  report  has  a  ring  circumference  of  27.0 
meters.  The  four  cell  ring  consists  of  twelve  6.5  T 
superconducting  dipoles,  twenty-four  conventional 
quadrupoles,  sixteen  conventional  sextupoles  and  four 
straight  sections  1.02  meters  long.  The  1.5  GeV  electron 
beam  is  bend  in  the  dipoles  to  produce  x  rays  with  a 
critical  energy  of  9.8  keV.  The  superconducting  dipoles 
have  been  modeled  in  three  dimensions.  The  3-D 
modeling  shows  that  magnetic  induction  falls  off  from  its 
full  design  value  to  nearly  zero  in  about  50  mm  at  the 
ends  of  the  dipoles.  The  magnetic  length  of  the  dipole  is 
Calulated  to  be  403  mm. 

1  BACKGROUND 

The  six  cell  UCLA  compact  storage  ring  described  in 
the  1997  Particle  Accelerator  Conference  paper[l]  appeared 
to  be  very  good  for  producing  intense  high  energy  X  rays. 
The  six  cell  lattice  had  a  low  emittance  and  it  tracked  very 
well.  The  problem  with  six  cell  storage  ring  was  the  fact 
that  it  does  not  fit  in  an  existing  vault  in  the  basement  of 
a  new  building  on  the  UCLA  campus.  The  vault  in  the 
basement  of  building  can  not  be  enlarged  to  accommodate 
the  six  cell  storage  ring.  As  a  result,  the  ring 
circumference  must  be  reduced  so  that  it  can  fit  within  a 
vault  that  is  9.142  meters  (30  feet)  wide.  The  length  of 
the  shielded  vault  is  nearly  40  meters.  This  appears  to  be 
adequate  for  housing  a  ring  injector  and  a  number  of 
experimental  X  ray  beams.  If  die  ring  diameter  can  be 
reduced  so  the  machine  will  fit  in  the  vault,  the  new 
building  at  UCLA  is  adequate  for  the  UCS  ring. 

Reducing  the  number  of  cells  in  the  storage  ring  was 
the  approach  that  was  chosen  to  reduce  the  ring  size. 
Three  cell  and  four  cell  lattices  were  studied.  Lattices  with 
fewer  numbers  of  cells  have  less  space  occupied  by 
conventional  quadrupoles  and  sextupoles.  Ring 
circumference  was  also  reduced  by  reducing  the  number  of 
long  straight  sections.  The  object  of  the  study  was  to 
reduce  the  number  of  the  cells  in  the  machine  while  trying 
to  keep  the  beam  emittance  low. 


*  This  work  was  supported  by  the  Regents  of  the  University  of 
California. 
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2  THE  REDUCED  SIZED  RING 

The  designs  for  the  reduced  diameter  storage  rings 
were  driven  by  the  desire  to  extract  synchrotron  X  rays 
from  all  of  the  dipoles.  Like  the  six  cell  machine 
described  in  Ref  [1],  there  are  twelve  superconducting 
bending  magnets  where  the  high  energy  X  rays  are 
generated.  Like  the  six  cell  machine,  there  was  also  a 
strong  desire  to  reduce  machine  emittance  so  that  the 
vacuum  chamber  throughout  the  ring  can  have  the  same 
cross-section.  As  a  result,  the  quadrupoles  and  sextupoles 
would  all  have  the  same  aperture.  The  number  of  types  of 
quadrupoles  could  be  reduced  to  two  and  there  would  be 
only  one  type  of  sextupole.  The  reduced  emittance  would 
lead  to  a  smaller  beam  size  in  the  dipoles  and  brighter  x- 
ray  beams. 

The  six  cell  ring  had  six  identical  6  meter  long  cells. 
Each  of  the  six  cells  contains  two  30  degree 
superconducting  dipoles.  Each  cell  has  a  1.34  meter  long 
drift  space  (between  two  quadrupole  doublets)  and  a  section 
that  contains  all  of  the  chromaticity  sextupoles.  The 
sextupoles  surround  QF3  focusing  quadrupole,  which 
forces  the  dispersion  to  be  zero  in  the  long  straight 
section.  The  dipoles  have  parallel  faces  that  provide 
vertical  edge-focusing. 

The  four  cell  ring  studied  had  four  identical  cells  that 
were  6.75  meters  long.  Each  cell  contains  three  30  degree 
superconducting  dipoles,  a  1.02  meter  long  drift  space 
(between  two  quadrupole  doublets)  and  two  sections  that 
contain  all  of  the  chromaticity  sextupoles.  A  pair  of 
sextupoles  surround  the  two  QF3  focusing  quadrupoles, 
which  forces  the  dispersion  to  be  zero  in  the  long  straight 
section.  Defocusing  is  provided  by  the  dipole  parallel 
faces  that  provide  vertical  edge-focusing.  The  four  cell 
ring  computer  simulation  converged  immediately. 

A  three  cell  ring  with  8  meter  long  cells  was  studied. 
Each  cell  contained  one  1.02  meter  long  straight  section, 
two  0.5  meter  long  straight  sections,  four  30  degree 
superconducting  dipoles,  seven  conventional  quadrupoles 
and  four  conventional  sextupoles.  This  ring  would  fit  in 
the  UCLA  vault  in  all  orientations.  Unfortunately,  the 
ring  design  studied  did  not  work  when  modeled  on  the 
computer. 

Figure  1  compares  the  half  of  the  six  cell  ring 
(which  is  12.5  meters  wide)  with  half  of  the  four  cell  ring 
(which  is  9.1  meters  wide).  The  six  cell  ring  clearly  does 
not  fit  in  a  hall  that  is  30  feet  wide,  whereas  the  four  cell 
ring  fits,  but  the  margin  is  slim.  Table  1  presents  the 
magnet  parameters  for  the  six  cell  and  four  cell  rings. 
Table  2  compares  the  calculated  lattice  parameters  for  six 
cell  and  four  cell  compact  storage  rings. 
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meters 


Figure  1:  A  comparison  of  Half  of  a  Six  1.5  GeV  Compact  Storage  Ring  with  Half  of  a  Four  Cell  Ring 


Table  1 :  Magnet  Parameters  for  the  Six  Cell  and  Four  Cell  Rings 

Six  Cell  Storage  Ring  Four  Cell  Storage  Ring 

Magnet  Strength  Aperture  Dia.  M  Length  Strength  Aperture  Dia  M  Length 

Type  (T,  Tm"',  Tm'2)  (mm)  (mm)  (T,  Tm"1,  Tm"2)  (mm)  (mm) 

Superconducting  Dipole  (T) 

B  6.468  40-180  405  6.468  40-180  405 

Conventional  Quadrupole  (T  m"1) 

QF-1  26.54  33.2  200  35.17  33.2  200 

QD-2  -19.54  33.2  200  -36.00  33.2  200 

QF-3  29.47  33.2  300  36.19  33.2  250 

Conventional  Sextupole  (T  m"2) 

SF  1279.3  33.2  100  1788.0  33.2  120 

SD  -1695.0  33.2  100  -1419.4  33.2  120 
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Table  2:  Lattice  Parameters  for  the  Six  Cell  and  a  Four 
Cell  1.5  GeV  Compact  Rings 


PARAMETER 

6  Cell 
Ring 

4  Cell 
Ring 

Maximum  Design  Energy  (GeV) 

1.5 

1.5 

Injection  Energy  (GeV) 

0.3 

0.3 

Max.  Design  Beam  Current  (mA) 

200 

200 

Storage  Ring  Circumference  (m) 

36.0 

27.0 

Dipole  Bend  Radius  (mm) 

773.5 

773.5 

X-ray  Critical  Energy*  (keV) 

9.78 

9.78 

Number  of  X-ray  Sources 

12 

12 

Extracted  X-ray  Power*  (kW) 

123.2 

123.2 

X-ray  Brightness**  (MWnr2) 

3.42 

3.94 

Stored  Electron  Beam  Energy*  (J) 

36.1 

27.1 

No.  of  Long  Straight  Sections 

6 

4 

Long  Straight  Length  (m) 

1.34 

1.02 

Number  of  Cells 

6 

4 

No.  of  S/C  Dipoles  per  Cell 

2 

3 

No.  of  Quadrupoles  per  Cell 

5 

6 

No.  of  Sextupoles  per  Cell 

4 

4 

Horz.  Op.  Emittance*  (nm) 

309 

475 

Vert.  Op.  Emittance*  (nm) 

34 

53 

Horizontal  Tune 

4.42 

4.18 

Vertical  Tune 

2.38 

2.69 

Horizontal  Chromaticity 

-5.24 

-4.00 

Vertical  Chromaticity 

-7.40 

-14.82 

Max.  Horizontal  Beta  (m) 

5.62 

2.63 

Max.  Vertical  Beta  (m) 

5.54 

11.4 

Max.  Dispersion  (m) 

0.62 

0.54 

Energy  Loss  per  Turn*  (MeV) 

0.617 

0.617 

RF  Voltage  (MV) 

~1.2 

-1.8 

RF  Frequency  (MHz) 

1299 

1299 

Energy  Spread  (parts  in  1000) 

1.52 

1.52 

Bunch  Length*  (mm) 

8.1 

7.2 

Horz.  Damping  Time*  (ms) 

0.570 

0.428 

Vert.  Damping  Time*  (ms) 

0.584 

0.438 

Energy  Damping  Time*  (ms) 

0.295 

0.222 

Quantum  Lifetime*  (s) 

>lxl010 

1.5xl09 

Min.  Physical  Aperture*  (sigma) 

11.0 

13.4 

at  the  full  design  energy  of  the  machine 

at  full  design  energy  and  5  meters  from  the  dipole 


3  DISCUSSION 

In  order  for  the  four  cell  lattice  to  work  as  simulated, 
the  superconducting  ring  dipoles  must  have  the  following 
characteristics:  1)  The  magnet  gap  is  more  than  four 
times  smaller  than  the  pole  width.  In  our  case,  the  dipole 
gap  is  40  mm  while  the  pole  width  is  180  mm.  2)  The 
magnetic  field  must  be  good  to  a  few  parts  in  ten  thousand 
over  110  mm  of  the  pole  width.  3)  The  magnet  must 
behave  like  an  iron  dominated  magnet  in  that  the  magnetic 
length  and  the  iron  length  must  be  nearly  the  same  and  the 
field  must  fall  off  rapidly  at  the  ends  of  the  magnet.  In 
our  case,  the  magnetic  length  is  405  mm;  the  iron 
physical  length  is  380  mm.  (The  coils  at  the  end  are  about 
32  mm  longer  than  the  iron.) 


Three  dimensional  computer  models  of  the  dipole[2] 
show  that  the  field  can  be  made  very  uniform  across  the 
pole.  The  current  in  the  coils  can  be  adjusted  so  that  the 
good  field  uniformity  can  be  achieved  from  an  induction  of 
0.432  T  (corresponding  to  100  MeV  injection)  to  6.918  T 
(corresponding  to  a  maximum  ring  energy  of  1.6  GeV. 
The  magnetic  field  falls  from  6.5  T  to  0.02  T  in  less  than 
20  mm.  The  integrated  field  through  the  dipole  is  also 
very  uniform.  For  a  ring  energy  of  1.5  GeV  the  dipole 
induction  at  the  center  is  less  than  6.5  T. 

In  both  the  six  cell  ring  and  the  four  cell  ring,  the 
maximum  pole  induction  for  the  quadrupoles  was  set  to  be 
about  0.6  T.  The  maximum  pole  induction  for  the 
sextupoles  is  about  0.5  T.  As  a  result,  the  poles  of  the 
quadrupoles  and  the  sextupoles  can  be  shaped  so  that  the 
magnets  have  a  large  good  field  region  over  the  full  range 
of  machine  energies. 

The  straight  sections  for  both  machines  are  short,  but 
they  are  long  enough  for  conventional  805  MHz  RF 
cavities  or  1300  MHz  superconducting  cavities.  In  both 
the  six  cell  and  the  four  cell  machine,  the  RF  cavities 
would  occupy  one  straight  section.  In  both  machines,  the 
injection  elements  would  occupy  two  cells.  The 
remaining  cells  could  contain  either  superconducting  or 
conventional  insertion  devices.  The  beam  energy  is  low 
enough  to  allow  the  beam  to  be  dumped  into  the  vacuum 
chamber. 

4  CONCLUSIONS 

It  appears  that  a  four  cell  1.5  GeV  electron  storage 
ring  could  be  built  to  fit  in  the  9.142  m  (30  feet)  vault  at 
UCLA.  There  is  enough  room  in  the  four  cell  lattice  for 
RF  cavities,  injection  elements  and  perhaps  an  insertion 
device.  The  lattice  has  a  long  quantum  life  time,  and  the 
emittance  is  low  enough  to  produce  high  intensity  X  ray 
beams  for  users.  The  X  ray  power  and  brightness  is 
comparable  to  the  six  cell  machine. 
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LOW  PERIODICITY  LATTICE  FOR  THIRD  GENERATION  LIGHT 
SOURCES:  AVOIDANCE  OF  DYNAMIC  APERTURE  REDUCTION  BY 

SEXTUPOLE  COMPENSATION 


Yu.  Senichev*,  ISA,  Aarhus  University,  Denmark 


1  INTRODUCTION 

The  classic  ring  structure  of  a  number  of  identical  achro- 
mat  cells  arranged  in  a  highly  symmetric  circular  form 
has  been  used  in  the  vast  majority  of  synchrotron  light 
sources.  However,  lattices  with  small  electron  emittances 
require  smaller  dispersion  function  and  stronger  sextupoles 
are  needed  in  order  to  correct  the  chromaticity.  In  the  same 
time,  as  is  well  known,  the  sextupoles  dramatically  de¬ 
crease  the  dynamic  aperture  due  to  their  nonlinear  action. 
To  avoid  the  influence  of  sextupoles  on  the  dynamic  aper¬ 
ture  the  multi-family  sextupole  schemes  are  used.  But,  un¬ 
fortunately,  all  of  them  do  not  give  complete  compensation. 
In  particular,  for  third  generation  synchrotron  light  sources 
the  residual  sextupole  component  becomes  the  stronger 
factor  in  comparison  with  errors  and  misalignments  and 
this  factor  limits  the  dynamic  aperture.  Thus,  the  search 
of  new  solutions  to  decrease  the  influence  of  the  sextupoles 
has  remained  to  be  actual.  But  let  us  ask  ourselves,  if  we 
can  not  suppress  effectively  the  influence  of  sextupoles, 
may  be  we  should  properly  use  the  non-linearity  of  sex¬ 
tupole  to  stabilize  motion?  Such  an  instrument  can  be  the 
non-linear  tune  shifts.  Obviously,  to  realize  this  idea  we 
should  step  aside  from  the  classic  ring  structure,  since  it 
does  not  permit  us  to  control  the  sign  and  the  magnitude  of 
tune  shift  independently  on  the  tunes  themselves.  We  pro¬ 
pose  a  lattice  consisting  of  many  arcs  containing  combined 
function  (or  usual)  magnets  and  focusing  (and  defocusing) 
quadrupoles  separated  by  identical  optical  channels  con¬ 
sisting  of  either  one,  two  or  more  dispersionless  straight 
sections[l].  A  significant  advantage  of  such  a  design  is  the 
ability  to  separate  the  functions  of  the  arcs  and  the  straight 
sections.  The  periodical  part  of  the  arcs  is  a  pseudo-second 
order  achromat  joined  with  the  straight  sections  through  a 
dispersion  suppressor  and  it  differs  from  the  second  order 
achromat[2]  by  non-zero  chromaticity.  The  lattice  has  one 
focusing  and  one  defocusing  family  of  sextupoles  located 
on  the  periodical  part  of  the  arc.  Varying  the  chromatic¬ 
ity  of  arcs  by  sextupoles  and  the  chromaticity  of  straight 
sections  by  quadrupoles  and  keeping  the  total  chromaticity 
equal  zero,  we  can  modify  the  tune  shift  at  any  working 
point. 


A  •  (kl  +  ky)1/2.  Already  in  the  first  order  of  the  reso¬ 
nance  theory  N  =  1  the  sextupole  excites  four  resonances 
{kx,ky}  =  {1, 0;  3, 0;  1,  ±2}.  The  number  of  resonances 
and  their  order  grow  with  the  the  order  N  as  2N+1.  In 
action-angle  variables  the  averaging  Hamiltonian  of  the 
motion  can  be  written  as: 


H  (4)  lyi  ^Pxi  Vy)  — 


1/2 


A  •  4  + 


« + kl) 


1/2 


•A  -Iy  + 


2  (hkx,ky,q)  Iyv /  cos  (kx(px  +  kytfiy) 

+CxI%  +  C xylxly  +  Cylyy  (1) 


where  the  Fourier  harmonic  hkI,ky.q  determines  the  effec¬ 
tive  strength  of  the  resonance  kxux  -t -  kyuy  =  q  under  the 
detuning  A.  It  is  proportional  to  the  integral 


(hk^k^q)^  f  0k’t/2/3k^2Ka{s)ei^^+k>',i^ds, 

J  SO 

(2) 

where  /tx>y  =  /sso  — -  is  the  phase  advance.  Several  for¬ 
malisms  of  the  perturbation  theory  up  to  the  second  or¬ 
der  [3,  4]  have  been  used  to  derive  the  expression  of  the 
tune  shifts  Cx,(xy,Cy  °f  the  sextupoles.  They  all  are  the 
functions  of  the  effective  strength  of  the  resonance  and  the 


detuning^, xj,,y  =  F  when 


we 


compensate  the  influence  of  the  sextupoles,  the  strength 
of  the  resonance  is  suppressed  proportionally  to  the  first 
power  of  hkI,ky,q,  while  the  tune  shifts  are  decreased 


2.1  Lattice  classification 

Let  us  consider  the  case  of  a  third  integer  resonance  in  one 
plane.  In  the  Hamiltonian  system,  where  the  friction  force 
is  absent,  there  are  two  types  of  fixed  points.  The  fixed 
point  4 ,  Wx  is  the  saddle,  if  the  roots  of  the  characteristic 
equation  are  real  and  it  is  the  centre,  when  the  roots  are 
imaginary.  The  point  itself  is  derived  from  the  equations 


2  SEXTUPOLE  RESONANCES  WITH 
NONLINEAR  TUNE  SHIFTS 

In  the  proposed  lattice  the  highest  multipole  is  a  sextupole. 
The  resonance  arises  under  the  condition  q+kxux  +kyuy  = 
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3  - 

A+  2/l30,^/2cos3^+2Cx4  +Cx,yly  =  0(3) 

sin  3^4  =  0. 

The  last  gives  us  plenty  of  combinations  with  the  fixed 
points  depending  on  the  ratio  between  the  parameters  A, 
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h3oq,  Cx  and  Cx,y  The  influence  of  the  non-linearity  is 
specified  by  the  discriminant  D  in  the  expression: 


1/2  3h30q  cos3</?x  ,  1  /9  u  os  t  \  i  ~  t 

V  = - g^r - ±~^-h30q  -  8Cx  (A  +  Cx,yly 


_  _  (4) 

Substituting  Ix,  Tpl  in  the  characteristic  equation,  we  de¬ 
fine  what  kind  of  fixed  point  it  is. 

From  the  lattice  design  point  of  view  there  are  three  in¬ 
teresting  cases:  Cx  <  h3 0q;  Cx  ~  h30q  and  Cx  >  h30q. 

The  lattices  with  the  small  non-linearity  Cx  4C  h30q  are 
classified  among  the  first  or  second  generation  synchrotron 
light  sources.  The  system  has  one  centre  and  three  saddles. 
Since  the  non-linearity  is  negligibly  small,  the  dynamic 


aperture  is  determined  by  the  value  of  Ix  < 


when  the  motion  is  still  stable.  Under  the  resonance  condi¬ 
tion  A  =  0  the  centre  is  degenerated  into  the  saddle  and  the 
stable  area  shrinks  into  zero.  In  such  a  lattice  the  working 
point  is  kept  as  far  from  the  resonance  as  possible.  Usu¬ 
ally  these  lattices  have  a  small  value  of  h30q  because  the 
sextupoles  are  very  weak  and  there  is  no  problem  with  the 
dynamic  aperture. 

The  lattices  with  Cx  ~  h30q  have  the  moderate  non¬ 
linearity.  In  common  case  the  system  has  four  islands  with 
four  centres  and  three  saddles.  Such  a  lattice  is  used  for 
the  second  and  third  synchrotron  light  sources,  where  the 
sextupoles  have  much  stronger  gradient  in  comparison  with 
previous  generation.  To  compensate  sextupoles  the  multi¬ 
families  sextupoles  schemes  are  used.  Since  the  tune  shifts 
are  proportional  to  |/ijfc*,*v,g|2  and  the  working  points  are 
chosen  far  away  from  integer  tune,  the  non-linearity  are 
decreased  even  faster  than  the  third  harmonic.  Really  the 
dynamic  aperture  is  determined  by  how  successful  we  have 
been  in  simultaneous  adjustment  of  the  appropriate  value 
of  Cx  and  h3oq . 

The  lattices  with  Cx  >  h30q  have  to  be  classified  as  a 
special  lattice,  since  it  is  a  case,  when  the  value  of  h30q  is 
effectively  suppressed,  but  the  non-linearity  remain  to  be 
under  control  and  strong.  It  is  obvious  from  (4),  if  the  sign 
of  the  detuning  A  coincides  with  the  sign  of  the  tune  shift 
Cx ,  the  discriminant  is  negative  and  the  system  has  only  one 
centre  at  Ix  =  0  .  Therefore  this  case  corresponds  to  the 
maximum  stable  region  and  the  lattice  with  these  features  is 
the  most  hopeful  for  the  third  and  fourth  generation  source. 


2. 2  Nekhoroshev  ’s  criterium 

So,  in  order  to  get  the  maximum  stable  region  the  sign 
of  the  non-linearity  Cx  has  to  be  the  same  as  the  detun¬ 
ing  A.  However,  we  can  see  from  (4),  if  (xy  has  the 
opposite  sign  with  the  tune  A,  then  under  some  ampli¬ 
tude  of  oscillation  in  the  vertical  plane  Iy  the  total  de¬ 
tuning  At0tai  =  A  +  (x,yly  can  make  the  discrimi¬ 
nant  D  >  0.  It  means  that  the  two  dimensional  vec¬ 
tor  remains  to  be  on  the  resonant  surface.  In  other 
words  the  non-linear  system  is  unable  to  leave  the  res¬ 


onance  at  all  and  it  behaves  as  quasi-isochronous  sys¬ 
tem.  The  phenomena  of  quasi-isochronism  for  the  non¬ 
linear  resonances  was  investigated  by  Nekhoroshev  [5]. 
Let  us  apply  Nekhoroshev’  criterium  to  our  two  dimen¬ 
sional  system.  The  non-resonant  part  of  the  Hamiltonian 
is  SH  (Ix  ,Iy)  =  Cxlx  +  Cxylx  Iy  +  (yly  ■  The  vector  of  fre¬ 
quencies  passing  through  the  point  of  the  resonant  surface 

Ir  =  ( Ixtly )  is  W  =  (2£XIX  +  Cxyly'j  ICyly  +  Cxyly)- 

The  quasi-isochronism  condition  by  Nekhoroshev  is  ful¬ 
filled,  when  kx  (2Cx4r  +  Cxylry)  +  ky  (2 {yIry  +  C xyIry)  = 
0  and  Cx&x  +  Cxykxky  +  (yky  =  0.  The  solution  is 

j*-  =  If  the  non-linearity  in  both  planes 

have  the  same  sign  and  4CxCy  >  Cxy  we  get  the  absolutely 
convex  (or  concave)  surface.  They  both  have  name  of  the 
steep  surface.  Thus,  the  maximum  stable  region  is  when  all 
Cx,  Cy,  Cxy  have  the  same  sign. 

3  THE  LATTICES  WITH  Cx  >  ^3oq 

What  kind  of  lattice  is  needed  in  order  to  have  a  possi¬ 
bility  to  adjust  the  detuning  A,  the  nonlinear  tune  shift 
Cx ,  Cxy ,  Cy  and  the  effective  sextupole  harmonic  hkx,kv,q 
separately.  From  our  point  of  view  the  only  appropriate 
lattice  is  the  lattice  with  the  separated  functions  of  the  arcs 
and  the  straight  sections.  Such  a  lattice  has  some  number  of 
superperiods  consisting  of  the  arc  and  the  straight  sections. 
Each  arc  includes  eight  periodical  cells,  containing  com¬ 
bined  function  (or  usual)  bend  magnets  and  focusing  (and 
defocusing)  quadrupoles.  The  tune  of  the  arcs  in  the  hori¬ 
zontal  and  the  vertical  planes  is  integer,  vx  —  3,vy  =  2. 

The  sextupoles  are  placed  on  arcs  periodically .  To  a  first 
approximation  in  this  condition  hkx,kv,q  — ►  0  (see  eq.2), 
since  each  n  —  th  sextupole  is  compensated  by  (n  +  4)  —  t h 
in  the  horizontal  and  by  (n  +  2)  —  th  in  the  vertical  planes 
correspondingly.  However,  since  again  the  tune  is  integer, 
the  nonlinear  tune  shift  can  be  varied  in  a  wide  region,  since 
0  and  kxvx  +  kyuy  -  q  -4  0  simultaneously. 
The  total  chromaticity  of  whole  ring  is  adjusted  to  zero,  but 
the  arc  itself  has  a  positive  chromaticity,  compensated  by 
the  negative  chromaticity  of  the  straight  section.  Changing 
the  chromaticity  of  the  arc,  we  can  adjust  the  required  sign 
and  value  of  the  non-linear  tune  shifts.  The  working  point 
and  the  detuning  A  of  whole  ring  is  modified  by  the  tune  of 
the  straight  section,  while  the  arc  remain  to  be  invariable. 

Figure  1  shows  the  dynamic  aperture  tracking  of 
ASTRID  2[1]  versus  the  tune  in  the  vicinity  of  the  third 
integer  resonance  vx  =  9.33,  when  the  tune  shift  C,x  = 
100,  the  effective  harmonic  h30q  =  0.1  and  the  detuning 
equals  to  -0.02;  -0.01  and  0.01  correspondingly.  During 
small  change  of  the  detuning  the  system  runs  through  three 
stages,  what  is  exactly  in  accordance  with  the  Hamiltonian 
described  above.  In  the  early  stage  the  system  has  four  sep¬ 
arated  islands  with  four  centres  and  three  saddles.  In  the 
middle  stage  all  four  islands  are  surrounded  by  the  stable 
trajectories.  After  change  of  the  detuning  sign  the  system 
has  one  fixed  point.  In  case  of  a  negative  tune  shift  the 


2443 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Figure  1:  Dynamic  aperture  versus  the  detuning  (A  = 
-0.02;  -0.01;  0.01). 


first  and  last  stages  are  exchanged  with  each  other.  Moving 
away  from  the  resonance  vx  =  9.33,  the  system  appears  in 
the  vicinity  of  the  next  resonance  vx  =  10.0.  Figure  2  (up¬ 
per  picture)  shows  the  dynamic  aperture  in  the  middle  of 
way  between  two  resonances,  when  they  compensate  each 
other,  and  the  triangular  shape  transforms  into  the  oval.  Ap¬ 
proaching  to  the  resonance  vx  =  10.0  ,  the  dynamic  aper¬ 
ture  becomes  similar  to  the  starting  point  (lower  picture, 
fig.2).  The  behavior  of  the  dynamic  aperture  has  the  peri¬ 
odic  character.  The  working  point  is  chosen  slightly  higher 
or  lower  than  the  resonance  vx  =  9.33  under  positive  or 
negative  tune  shift  correspondingly. 


Figure  2:  Dynamic  aperture  versus  the  tune  {v  =  9.65  and 
9.98). 

3.1  CONCLUSION 

The  emittance  in  this  lattice  is  much  smaller,  than  in  a  cir¬ 
cular  machine  with  the  same  number  of  magnets,  and  the 
dynamic  aperture  has  a  similar  value  with  a  lower  sensitiv¬ 
ity  to  third  order  resonances. 

The  author  is  very  grateful  to  E.Uggerhoj,  S.P.Moller  for 
fruitful  discussion  and  to  N.Golubeva,  S.Volin  for  cooper¬ 
ation  in  investigations  of  the  proposed  lattice[6). 
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LOW-FREQUENCY  WIGGLER  RADIATION 


F.  Meot,  CEA,  DSM/DAPNIA/SEA,  91 191  Saclay,  France* 


Abstract 

Classical  formalism  for  synchrotron  radiation  interference 
between  short  sources  is  applied  to  analytical  formulation 
of  wiggler  radiation  in  the  low  frequency  domain. 


1  INTRODUCTION 

Considering  the  lasting  interest  in  synchrotron  radiation 
(SR)  for  beam  diagnostics  [1],  due  also  to  raising  specific 
demand  such  as  infrared  SR  [2],  a  detailed  insight  in  the  in¬ 
terference  phenomenon  between  separate  radiating  sources 
and  its  understanding  remains  of  concern.  The  case  of 
wiggler  SR  has  already  been  addressed  in  terms  of  inter¬ 
ference  [3]  and  more  recently  implications  of  the  low  fre¬ 
quency  hypothesis  have  been  discussed  [4].  We  re-visit  the 
subject  with  recently  developed  material  [5]  and  derive  by 
this  means  a  detailed  analytical  formulation  of  wiggler  SR 
in  the  low  frequency  domain. 

2  ANALYTICAL  MATERIAL 


2.1  Low  frequency  model 

In  regular  conditions  of  SR  production  the  spectral  angu¬ 
lar  energy  density  observed  at  large  distance  r  (assumed 

constant)  is  given  by  afa^  =  2e0c  |  rE(<p,ip,uj)\2  (the 
r-independent  quantity  rE  =  r  E  is  introduced  for  sim¬ 
plicity)  where  E(<p,  ip,  uj)  is  the  Fourier  transform  of  the 
radiated  electric  field  E(<p,  ip,  t)  (see  Fig.  1)  and  ui  is  the 
observed  frequency.  In  the  low  frequency  domain  one  has 


TE„{<P,ip,u)  = 


+ 


rEv{<p,ip,oj)  = 


97  /  K-  7<ft 

(27r)3/2eoC  \  1  +  (K  —  'yip)2  +  'y2ip2 
K  +  'yp  \ 

1  4-  (K  +  'yip)2  +  'y2ip2  ) 

_ n _ _ 1 _ 

(27r)3/2£oC V 1  +  (K  —  -yep)2  +  'y2ip2 


1  +  {K  +  70) 2  4-  7  2xp2 


where  indices  a  and  7r  designate  polarisation  components 
respectively  parallel  to  the  bend  plane  and  normal  to  Ea  ; 
angles  <p  in  the  bend  plane  and  ip  normal  to  it  define  the 
observation  direction.  Eqs.  1  holds  over  a  few  rms  aperture 
(with  7 (prms  =  'yiprms  =  vT1  +  ^2))  311(1  UP to  a  fraction 
of  uiumit  as  defined  by 


Figure  1 :  Up:  A  three-dipole  wiggler.  Definition  of  observation 
angle  ip  in  the  bend  plane.  Down  :  Typical  shape  of  the  electric 
field  impulse  SrEa^(ip,  ip,  t)  at  the  observer. 

the  curvature  radius,  a  is  the  particle  total  deviation,  L  — 
pa  is  the  trajectory  length  in  the  magnetic  field,  and  K  — 
ay/2  is  the  deflection  parameter. 

2.2  Interference 

As  one  knows  the  underlying  physics  in  SR  interference  is 
in  time  coherence  resulting  from  the  geometrical  arrange¬ 
ment  of  sources,  which  entails  space  and  frequency  modu¬ 
lation  of  the  radiated  signal.  A  series  of  N  sources  radiate 
electric  field  of  the  form 

N 

ne^{<p,  t )  =  £  ^  +  T()  *  &**•*&>  *)  <3> 

i=l 

where  Eia^{<p,  ip,  t)  describes  the  impulse  from  magnet  i, 
Ti  is  the  emission  time  of  signal  i,  S  is  the  Dirac  distribu¬ 
tion  and  *  denotes  the  convolution  product.  The  Fourier 
transform  gives  the  interferential  amplitude  density 

N 

NEaA<P,  1>,*)  =  E  «)  (4) 

i=l 


oJlimu  =  Wc/(3ff(l  +  K2))  =  72c/(L(1  +  K2))  (2) 

in  which  uc  =  Zj3c/2p  is  the  critical  frequency  of  the 
standard  formalism,  7  is  the  Lorentz  relativistic  factor,  p  is 
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whose  modulus  square  provides  the  energy  density 

+  (EZi  rEi^sin(uTi))2j  (5) 
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Times  Tt  are  obtained  from  the  geometry  of  the  magnet 
assembly  by  combining  the  duration  AT  =  2^(1  + 
K2/ 3  +  7 2(<f>2  +  ip2))  of  the  impulse  issued  from  a  mag¬ 
net,  with  the  time  of  flight  (in  observer  time)  A Td  = 
2^(1  +  7 2(</>2  +  ip2))  between  magnets  distant  d. 

Note  that  Eqs.  4,  5  involve  the  exact  Fourier  transform 
of  S(t  +  Ti)  hence  possible  low  frequency  approximation 
validity  domain  depends  only  on  the  characteristics  ( L  and 
K)  of  SR  sources,  not  on  their  distance  d. 


a 


Figure  2:  Low  frequency  energy  density  from  a  three-dipole 
wiggler  (Eq.  6  for  2.5  GeV  electron,  at  w  =  1.91015rad/s  - 
A  =  10_6m).  The  small  boxes  show  the  energy  density  from 
the  central  (2/7)  dipole  alone  ;  comparison  reveals  a  damping  of 
about  0.04/1  due  to  the  wiggler  interference,  (g.phi  and  g.psi 
stand  for  coordinates  7 <f>  and  7 ip.) 


3  SR  FROM  A  3-DIPOLE  WIGGLER 

For  simplicity  a  single-bump  wiggler  based  on  (I/7)-  and 
(2/7)-deviation  magnets1  is  considered  (Fig.  1).  However 
what  follows  can  be  extended  to  arbitrary  N,  and  as  well  to 
low  frequency  undulator  radiation  ( N  large  and  K  <  1). 

The  low  frequency  limit  simplifies  into  ~  wc/6  = 

72c  /  2  L  (Eq.  2  with  K  =  1)  leading  for  instance  to  valid¬ 
ity  range  u  <  4 1016  rad/s  (A  >  40 10-9  m)  for  a  2.5  GeV 
electron  traversing  a,  e.g.,  670  kG,  L  =  510_2m  long 
dipole.  Fig.  1  shows  the  typical  shape  of  electric  field  im¬ 
pulse  series  so  generated  (Eq.  3  with  N  —  3),  the  total 

'The  latter  has  the  merit  of  producing  highest  brightness  low  frequency 
SR. 


Enarsry  density 


Figure  3:  Forward  spectrum  of  wiggler  a  component  (Eq.  6),  and 
for  comparison,  spectra  due  to  the  central  (2/7)-deviation  dipole 
alone  (K  =  1  in  Eq.  1),  and  due  to  body  SR  from  a  strong  dipole 
(regular  K|/3(cu)  shape). 

duration  of  which  is  AT  \lk  +ATd 

+AT  |*=v,  +ATrf  \<j>=ip+z  +AT  Taking 

the  origin  at  the  centre  of  the  central  dipole,  times  in  Eq.  3 
write,  T2  =  0  and 

-Ti  =  AT  |*,f  ,*=*,-£  +ATd  \^-K  +^AT 

+T3  =  ^AT  |^=¥,  +ATd  1^+^  +AT \uka=v+k. 

Fig.  2  shows  the  resulting  interferencial  patterns  which  ex¬ 
press  as 

_  9 

dud<pdil>  ~  *  e°  c 

^  C0s(c*;Ti)  4-  rEa<v\-K,<t>=ip 

±  rEr,„\Kt<l>=ip+£  cos(uir3))2  +  (5T)2  )  (6) 

where  (ST)  designates  the  complementary  sin  term.  Fig.  3 
compares  the  radiation  spectrum  from  the  wiggler  to  that 
of  a  single  K  =  1  dipole  and  to  classical  body  SR  from  a 
if  >  1  dipole. 
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SHORT  PULSE  SYNCHROTRON  LIGHT  FROM  JEFFERSON  LAB’S 
NUCLEAR  PHYSICS  ACCELERATOR  * 


Abstract 


G.  A.  Krafft,t  TJNAF,  Newport  News,  VA 

2  X-RAY  BRIGHTNESS 


There  has  been  recent  interest  in  developing  sources  of  X- 
rays,  both  coherent  and  incoherent,  for  advanced  materi¬ 
als  science  and  other  scientific  studies.  In  particular,  there 
is  interest  in  developing  so-called  fourth  generation  light 
sources,  which  are  driven  by  electron  linacs.  One  distin¬ 
guishing  feature  of  the  fourth  generation  sources  is  the  very 
short  pulse  length,  usually  under  1  psec  rms,  that  is  possi¬ 
ble  from  a  linac  driven  source.  Because  of  recent  successes 
in  achieving  very  short  bunches  out  of  its  injector,  it  is  natu¬ 
ral  to  investigate  whether  the  Jefferson  Lab  nuclear  physics 
accelerator  might  be  used  as  a  copious  source  of  incoher¬ 
ent  short-pulse  synchrotron  light.  In  this  note  we  present 
the  results  of  calculations  of  the  expected  synchrotron  ra¬ 
diation  spectrum  from  bend  magnets  at  four  locations  in 
the  CEBAF  accelerator.  The  results  show  that  substantial 
numbers  of  short  pulse  X-rays  are  produced. 

1  INTRODUCTION 

Thomson  scatter  events  in  the  Jefferson  Lab  FEL  will  pro¬ 
duce  X-rays  of  energy  up  to  about  15  keV,  with  photon 
brightnesses  at  the  level  of  106  photons/mm2mrad2sec  in  a 
1%  bandwidth  [1],  Because  of  our  recent  success  in  achiev¬ 
ing  very  short  bunches  out  of  the  Jefferson  Lab  main  injec¬ 
tor  [2],  it  is  natural  to  investigate  whether  the  CEBAF  ac¬ 
celerator  might  be  used  as  a  copious  source  of  X-rays.  In 
this  note  we  present  the  results  of  calculations  of  the  ex¬ 
pected  synchrotron  radiation  spectrum  from  bend  magnets 
at  four  locations  in  the  Jefferson  Lab  nuclear  physics  ac¬ 
celerator.  The  results  show  that  substantial  numbers  of  X- 
rays  are  produced.  The  fluxes  are  interesting  enough  that 
preliminary  fourth  generation  X-ray  experiments  could  be 
performed  at  Jefferson  Lab,  prior  to  installation  in  a  beam¬ 
line  at  the  TESLA  light  source  at  DESY  or  the  Linac  Co¬ 
herent  Light  Source  (LCLS)  proposed  for  Stanford.  This 
is  especially  true  given  that  all  necessary  X-ray  producing 
equipment  is  already  installed  and  “available”.  The  pre¬ 
cision  timing  in  the  accelerator  allows  one  to  time  the  X- 
rays  at  the  100  fsec  level.  It  bears  worth  emphasizing  that 
the  repetition  time  in  a  typical  experiment  would  be  at  the 
repetition  rate  of  the  accelerator,  i.  e.,  500  MHz  presently, 
and  31  MHz  in  about  a  year’s  time.  This  time  structure  is 
changed  by  a  suitable  change  to  the  laser  pulse  structure  on 
the  source.  In  contrast,  present  day  rings  have  pulse  dura¬ 
tions  of  order  30  psec,  making  them  unsuitable  as  sources 
for  studies  involving  ultrafast  phenomena. 

‘This  work  supported  by  U.  S.  DOE  Contract  No.  DE-AC05- 
84ER40150,  the  Office  of  Naval  Research,  the  Commonwealth  of  Vir¬ 
ginia,  and  the  Laser  Processing  Consortium. 
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The  standard  synchrotron  radiation  formulas  were  used  to 
estimate  the  brightness  (for  100  fxA  beam  at  500  MHz) 
of  the  synchrotron  radiation  emerging  from  the  nuclear 
physics  machine  at  Jefferson  Lab.  Begin  with  Jackson’s 
Eqn.  14.83  [3], 
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for  the  emission  spectrum  (energy  radiated  per  unit  fre¬ 
quency  interval  per  unit  solid  angle)  of  a  single  electron. 
Because  the  beam  emittance  is  so  small  (e”TOS  ~  1.0 
mm  mrad),  a  typical  electron  angle  is  of  order  0.01  mrad  or 
smaller  at  4  GeV.  As  this  angle  is  smaller  than  the  1  /'y  ra¬ 
diation  emission  angle,  the  brightness  is  not  much  changed 
due  to  the  effects  of  finite  electron  beam  emittance.  Eq.  1 
is  used  to  estimate  the  photon  brightness  (at  0=0)  as 
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where  a  is  the  fine  structure  constant,  £  =  Acr/A,  and 
Aw/w  is  the  bandwidth.  Jackson’s  definition  (Eqn.  14.85) 
of  the  critical  wavelength  Acr  ss  2.09p/73,  is  used  in  the 
tabulation.  The  average  current  Iave/e  is  used  to  compute 
the  average  brightness,  and  the  peak  brightness  is  estimated 
using  J/e  f s  q/\Z2neat  where  q  is  the  charge  per  bunch 
and  at  is  the  measured  rms  bunch  duration  of  85  fsec. 

As  results,  the  radiation  spectrum  into  a  0. 1  %  bandwidth 
is  displayed  for  four  possible  magnets  in  the  CEBAF  accel¬ 
erator.  The  first  magnet  is  a  first  pass  bend  magnet  at  the 
end  of  linac  1  (445  MeV).  The  second  magnet  is  a  first  pass 
bend  magnet  at  the  end  of  linac  2  (845  MeV).  The  third 
magnet  is  an  arc  nine  bending  magnet,  before  the  final  pass 
through  the  south  linac  (3645  MeV).  The  final  magnet  is 
a  high  energy  bending  magnet  right  before  the  Hall  C  en¬ 
trance,  where  the  beam  energy  is  4.045  GeV.  Table  1  sum¬ 
marizes  some  of  the  properties  of  the  synchrotron  emission 
from  these  bend  magnets.  The  beam  sizes  are  assumed  to 
be  100  fim  by  100  yim  at  4  GeV,  scaled  by  7-1/2  for  the 
lower  energies,  i.  e.,  the  beam  optics  (3  is  assumed  to  be  in¬ 
dependent  of  energy.  The  brightness  as  a  function  of  wave¬ 
length  is  shown  in  the  Figures  1  and  2,  which  give  the  peak 
and  average  brightness  of  the  synchrotron  emission  from 
each  magnet. 

Compared  to,  for  example,  an  APS  bend,  the  m-‘  -  dif¬ 
ference  in  the  average  brightness  of  magnet  4  an-  .om 
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Table  1:  Electron  beam  and  synchrotron  radiation  param¬ 
eters  for  various  magnets  in  the  Jefferson  Lab  Nuclear 
Physics  Accelerator 


Magnet 

E  (MeVj 

P  (m) 

ACr  (A) 

Ear  (keV) 

1 

445 

5 

159 

0.078 

mm- 

845 

10 

46.3 

0.268 

H 

3645 

30 

1.73 

7.16 

■■ 

4045 

46 

1.94 

6.38 

the  reduced  average  current  at  the  Jefferson  Lab  accelera¬ 
tor.  On  the  other  hand,  the  peak  brightness  from  this  mag¬ 
net  exceeds  that  of  other  bend  magnet  sources,  because  the 
pulse  length  is  so  short.  Obviously,  installing  an  undulator 
at  Jefferson  Lab  could  increase  these  brightnesses  farther, 
as  in  the  transition  between  2nd  generation  and  3rd  gen¬ 
eration  synchrotron  sources.  Such  a  brightness  is  already 
competitive  with  a  proposed  alternative  storage-ring  based 
source  of  short  pulse  radiation  [4],  as  the  average  current 
producing  the  short-pulse  radiation  is  comparable. 

From  the  figure,  it  appears  that  either  high  energy  mag¬ 
net  gives  good  X-ray  brightness.  The  X-ray  production 
rate  is  between  1011  and  1012  photons/sec  mm2  mrad2  in 
a  0.1%  bandwidth  in  the  range  of  1-10  angstroms.  These 
X-rays  will  be  distributed  in  a  pulse  that  mirrors  the  e-beam 
pulse  in  time.  Therefore,  because  it  is  possible  to  preserve 
the  short  bunch  out  of  the  injector,  an  X-ray  pulse  length  of 
under  100  fsec  should  be  possible. 

3  LONGITUDINAL  BEAM  DYNAMICS 

So  far,  it  has  been  demonstrated  experimentally  only  that 
short  electron  pulses  emerge  from  die  injector.  No  beam 
bunch  length  experiments  have  been  performed  at  higher 
energies.  On  the  other  hand,  there  is  high  confidence, 
based  on  beam  longitudinal  dynamics  measurements,  that 
the  short  bunch  length  will  be  retained  at  high  energies.  Be¬ 
cause  the  bunch  is  relativistic,  and  the  accelerator  recircu¬ 
lation  arcs  are  designed  to  be  isochronous,  bunch  lengthen¬ 
ing  can  arise  only  from  incorrect  linac  phasing  coupled  to 
residual  uncorrected  Mse  in  the  arcs.  Two  pieces  of  exper¬ 
imental  data  indicate  that  this  is  not  a  problem.  Typically, 
the  bunch  runs  on  crest  in  the  accelerator  within  0.5°  of  the 
phase  of  maximum  energy  gain.  The  cresting  is  continu¬ 
ously  monitorred  by  observing  synchrotron  light  at  a  high 
dispersion  point  of  the  arc,  and  by  phase  modulation  mea¬ 
surements  [5]. 

As  part  of  the  present  arc  setup  procedure,  the  M56  is 
adjusted  to  under  10  cm,  and  the  path  lengths  are  adjusted 
so  that  the  phase  error  in  higher  passes  is  a  few  tenths  of 
a  degree.  The  instrumental  limit  of  the  currently  installed 
measuring  devices  is  1  mm  for  M56  and  50  (i m  for  the  path 
length  [6].  Even  with  worst-case  assumptions  about  how 
potential  errors  add,  a  bunch  length  change  under  10%  dur¬ 
ing  acceleration  to  high  energy  is  indicated. 


4  CONCLUSIONS 

In  this  note  it  is  shown  that  potentially  interesting  numbers 
of  short-pulse  X-rays  are  currently  being  produced  at  the 
CEBAF  accelerator.  It  “only”  remains  to  provide  some  ac¬ 
cess  to  these  X-rays  to  allow  experiments  to  proceed. 


Figure  1 :  Average  Brightness  vs.  Wavelength 


Figure  2:  Peak  Brightness  vs.  Wavelength 


5  REFERENCES 

[1]  Krafft,  G.  A.,  “Use  of  Jefferson  Lab’s  High  Average  Power 
PEL  as  a  Thomson  Backscatter  X-ray  Source”,  Proc.  of  the 
1997  Part.  Acc.  Conf.  (1997) 

[2]  Wang,  D.  X.,  G.  A.  Krafft,  and  C.  K.  Sinclair,  Phys.  Rev.  E, 
57, 2283  (1998) 

[3]  Jackson,  J.  D.,  Classical  Electrodynamics 

[4]  Zholents,  A.  A.,  and  M.  S.  Zolotorev,  Phys.  Rev.  Lett.,  76, 
912  (1996) 

[5]  Tlefenback,  M.  G.,  “High-Precision  Non-invasive  Beam-RF 
Phase  Monitoring  at  Jefferson  Lab.” ,  these  procedings 

[6]  Hardy,  D.  A.,  et.  al.,  “Path  Length  Measurements  in  EPICS”, 
Proc.  of  the  1997  Part.  Acc.  Conf.  (1997) 


2449 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


PERFORMANCE  OF  THE  ACCELERATOR  DRIVER  OF  JEFFERSON 
LABORATORY'S  FREE-ELECTRON  LASER* 

C.  L.  Bohn#.  S.  Benson,  G.  Biallas,  I.  Campisi,  D.  Douglas,  R.  Evans,  J.  Fugitt,  R.  Hill,  K.  Jordan, 
G.  Krafft,  R.  Li,  L.  Merminga,  G.  Neil,  P.  Piot,  J.  Preble,  M.  Shinn,  T.  Siggins,  R.  Walker,  B.Yunn 
Thomas  Jefferson  National  Accelerator  Facility,  Newport  News,  VA  23606 


Abstract 

The  driver  for  Jefferson  Lab's  kW-level  infrared  freeelectron 
laser  (PEL)  is  a  superconducting,  recirculating  accelerator  that 
recovers  about  75%  of  the  electron-beam  power  and  converts 
it  to  radiofrequency  power.  In  achieving  first  lasing,  the 
accelerator  operated  "straight-ahead"  to  deliver  38  MeV,  1.1 
mA  cw  current  through  the  wiggler  for  lasing  at  wavelengths 
in  the  vicinity  of  5pm.  Just  prior  to  first  lasing,  measured  rms 
beam  properties  at  the  wiggler  were  7.5±1.5  mm-mr 
normalized  transverse  emittance,  26t7  keV-deg  longitudinal 
emittance,  and  0.4±0.1  ps  bunch  length  which  yielded  a  peak 
current  of  60+15  A.  The  waste  beam  was  then  sent  directly  to 
a  dump,  bypassing  the  recirculation  loop.  Stable  operation  at 
up  to  31 1  W  cw  was  achieved  in  this  mode.  Commissioning 
the  recirculation  loop  then  proceeded.  As  of  this  Conference, 
the  machine  has  recirculated  cw  average  current  up  to  4  mA, 
and  has  lased  cw  with  energy  recovery  up  to  710  W. 

1  INTRODUCTION 

The  Thomas  Jefferson  National  Accelerator  Facility  (Jefferson 
Lab)  built  and  is  commissioning  a  cw,  kW-level,3-6  pm 
ffee-electron  laser  (hereafter  called  the  IR  Demo).  The  design 
of  the  machine  is  presented  elsewhere  [1],  It  incorporates  a 
superconducting  accelerator  comprising  a  10  MeV  injector 
and  a  32  MeV  linac  to  produce  a  nominally  42  MeV  electron 
beam  for  kW-level  cw  lasing.  The  accelerator  is  designed  to 
achieve  the  top-level  electron-beam  requirements  listed  in 
Table  1  of  Ref.  [1]  while  transforming  75%  of  the  beam 
power  back  into  rf  power.  Beam  parameters  originally  thought 
to  be  required  for  first  light  differ  from  those  needed  for  kW 
power,  however,  and  they  are  listed  in  Table  1  below. 

First  lasing  involved  running  the  machine  in  thef‘ straight¬ 
ahead”  mode,  in  which  the  beam  is  deposited  in  a  “42  MeV 
dump”  [1,2],  Doing  so  enabled  achieving  the  first-lasing 
milestone  before  construction  of  the  recirculation  loop  had 
been  fully  completed.  Subsequently  the  machine  was  run  in 
the  “recirculation”  mode  [1]  with  pulsed  beam  and  with 
energy  recovery  from  the  pulses,  first  without  lasing,  then  with 
lasing.  In  this  mode,  the  beam  lands  in  a“  10  MeV  dump” 
after  decelerating  through  the  cryomodule. 

The  eight  klystrons  powering  the  eight  cryomodule 
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cavities  can  each  deliver  up  to  8  kW.  In  turn,  the  available 
power  limits  the  cw  average  current  to  a  maximum  of  1 .1  mA 
in  the  straight-ahead  mode.  However,  once  recirculation  with 
energy  recovery  is  established,  the  decelerated  beam  powers 
the  accelerated  beam,  and  the  recirculation  mode  thereby 
provides  for  currents  above  1 . 1  mA.  The  injector  then  sets  the 
limit  on  average  current,  which  by  design  is  5  mA.  To  date 
the  IR  Demo  has  recirculated  up  to  4  mA  cw.  It  has  lased  cw 
at  up  to  31 1  W  straight-ahead  and  710  W  with  recirculation 
and  energy  recovery,  in  both  cases  at  ~5  pm  wavelength. 

Table  1:  Beam  Requirements  at  Wiggler  for  First  Lasing. 


Parameter 

Required 

Measured 

Kinetic  Energy 

38  MeV 

38.0±0.2  MeV 

Average  current 

1.1  mA 

1.10±0.05mA 

Bunch  charge 

60  pC 

60±2  pC 

Bunch  length  (rms) 

<1  ps 

0.4±0.1  ps 

Peak  current 

22  A 

60±15  A 

Trans.  Emittance  (rms) 

<8.7  mm-mr 

7.5±1 .5  mm-mr 

Long.  Emittance  (rms) 

33  keV-deg 

26±7  keV-deg 

Pulse  repetition  rate 

18.7  MHz 

18.7  MHz 

2  OVERVIEW  OF  COMMISSIONING 

The  performance  of  the  accelerator  driver  is  a  key  product  of 
the  commissioning  process.  The  end  result  is  a  machine  that 
stably  recirculates  several  mA  average  current  for  many  hours 
while  lasing  cw  at  several  hundred  watts.  For  example,  during 
a  recent  "longevity"  run,  the  machine  lased  nearly 
uninterrupted  for  six  hours  with  400  W  cw  output  power  and 
with  2.5  mA  recirculated  current.  The  run  ended  by  choice, 
not  by  machine  degradation.  Recently  it  has  been  delivering 
as  much  as  12  hours  of  uninterrupted  -100  W  light  with  -1 
mA  cw  current  in  support  of  the  first  user  experiments. 
Presently  its  Achilles  heel  is  poor  (-30%)  availability  of  the 
electron  gun.  Otherwise  it  is  robust  and  its  performance  has 
generally  been  easy  to  restore  by  loading  a  "golden  file"  of 
saved  settings.  What  follows  is  an  overview  of  the 
commissioning  process  that  led  to  the  present  capability. 

2.1  Photocathode  Gun 

The  gun  was  constructed  and  tested  off-line.  In  the  IR  Demo, 
the  space  between  the  gun  and  the  cryounit  is  too  r  T  to 
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accommodate  beam  diagnostics,  so  reasonable  confidence  in 
the  gun’ s  performance  had  to  be  established  prior  to  its 
installation.  During  testing,  the  gun  ultimately  delivered 
bunch  charges  from  0-120  pC  with  phase-space  parameters 
that  were  in  reasonable  agreement  with  PARMELA  [3,4].  It 
also  delivered  up  to  2  mA  cw  average  current,  but  with  an  e- 
folding  lifetime  of  only  ~2  hours  at  this  relatively  high  current. 
The  short  lifetime  was  believed  to  be  due  to  the  proximity  of 
the  cathode  to  the  beam  dump,  which  was  located  2  m  straight 
ahead  from  the  cathode.  Once  favorable  results  were  achieved 
off-line,  the  gun  was  installed  in  the  PEL  injection  line. 

To  date  the  gun  has  been  operated  in  the  EEL  to  a  maximum 
bunch  charge  of  60  pC  in  view  of  the  first-light  requirements 
in  Table  1  as  well  as  the  desire  to  preserve  cathode  lifetime. 
The  e-folding  lifetime  of  the  GaAs  cathode  has  typically  been 
-10-20  hours  at  60  pC,  even  at  average  currents  in  the  3-4 
mA  range  [5].  The  cathode  wafer  used  in  the  most  recent  run 
delivered  -700  C  total  charge.  Cathode  lifetime  is  seen  to 
depend  sensitively  on  the  quality  of  the  ambient  vacuum, 
which  may  influence  beam  operations  via  ionization  of 
residual  gas  and  back-bombardment  of  ions  onto  the  cathode. 
Available  data  is  too  sparse  to  support  a  more  quantitative 
statement.  Of  course,  in  the  IR  Demo,  and  unlike  in  the  off¬ 
line  tests,  all  beam  dumps  are  located  far  from  the  cathode. 

Based  on  findings  of  the  Lab=s  Polarized  Source  Group  [6], 
we  have  tried  anodizing  the  outer  regions  of  the  cathode  wafer 
to  suppress  electron  emission  from  these  regions.  Although 
the  benefit  has  been  hard  to  ascertain  conclusively,  subsequent 
operation  leading  to  first  light  proceeded  with  easily 
achievable  beam  transmission  to  the  straight-ahead  dump  at 

1.1  mA  cw,  something  that  had  been  more  difficult  to  achieve 
prior  to  anodization.  While  commissioning  the  recirculation 
loop,  we  have  not  been  anodizing  the  cathode  out  of  concern 
that  the  edge  of  the  anodized  region  could  be  a  site  for  field 
emission  that  may  degrade  gun  availability.  However,  without 
anodization  there  has  been  evidence  of  beam  scraping,  and  in 
the  future  we  will  likely  revert  to  anodized  cathodes  to  see 
whether  scraping  is  reduced. 

The  principal  reason  gun  availability  remains  low  is  lack  of 
funding  to  implement  planned  improvements.  We  are 
building  an  apertured  cesiator  to  reduce  cesium  deposition  on 
the  cathode  electrode.  We  may  soon  replace  the  cathode 
electrode;  ion  implantation  is  under  study  as  a  possible  means 
for  suppressing  field  emission  from  the  cathode  electrode. 

2.2  Electron-Beam  Diagnostics 

Diagnostics  for  the  IR  Demo  include:  arrays  of  beam-position 
monitors,  optical-transition-radiation  viewers,  and  beam-loss 
monitors;  two  interferometric  bunch-length  monitors,  one 
(BL1)  at  the  entrance  to  the  linac  cryomodule  and  the  other 
(BL2)  just  after  the  wiggler;  two  multislit  transverse-emittance 
monitors,  one  (MSI)  after  the  injector  cryounit  and  the  other 


(MS2)  at  the  entrance  to  the  linac  cryomodule;  and  four  rf 
cavities  to  monitor  beam  current  and  path  length  [7]. 

2.3  Straight-Ahead  Mode 

Commissioning  the  straight-ahead  machine  for  first  light 
proceeded  well  before  construction  of  the  recirculation  loop 
was  complete.  Key  diagnostics  that  ultimately  led  to  the 
decision  to  install  the  wiggler  and  try  for  first  light  were  BL2, 
a  multimonitor  emittance  measurement  using  five  viewers  in 
the  wiggler  region,  and  an  energy  spread  measurement  using 
the  dipole  magnets  and  viewer  in  the  second  optical  chicane. 
Cleanup  of  the  electron  beam  proceeded  systematically  and  led 
to  gradual  improvement  in  the  six-dimensional  properties  of 
the  beam.  Measurements  of  the  beam  parameters  at  the 
wiggler  were  completed  on  12Jun  98.  The  results,  listed  in 
Table  1,  motivated  installation  of  the  wiggler  on  13  Jun  98. 
All  agree  with  PARMELA  to  within  10%  except  the  energy 
spread,  for  which  the  measured  value  was  a  factor  of  two 
higher,  and  correspondingly  so  was  the  longitudinal  emittance. 

The  IR  Demo  achieved  first  light  on  15  Jun  98,  within  six 
hours  from  turn-on  of  the  electron  beam  after  wiggler 
installation  [2].  Two  days  later  it  lased  stably  at  up  to  155W 
cw  with  1.1  mA  current  (60  pC  bunches  at  18.7MHz).  First 
light  involved  a  2%  outcoupling  mirror  that  was  subsequently 
replaced  with  a  10%  outcoupling  mirror.  On  28  Jul  98  the 
power  reached  31 1  W,  again  with  1.1  mA  current.  It  is  now 
easy  to  restore  the  straight-ahead  machine  from  a  file  of  saved 
settings  and  run  it  uninterrupted  for  hours  at  -300  W. 

Because  beam  quality  at  the  wiggler  is  good,  the  injector  has 
never  been  optimized.  For  example,  it  produces  a  total  energy 
of  9.5±0.1  MeV  as  inferred  from  the  injection-line  dipole 
strengths,  short  of  the  design  total  energy  of  lO.fMeV. 
Measurements  with  MSI  gave  a  normalized  rms  transverse 
emittance  of  5.5t0.6  mm-mr,  about  30%  higher  than 
PARMELA  [8].  The  beam  at  MS2  is  off-nominal  enough  that 
good  measurements  with  MS2  or  BL1  have  yet  to  be  possible, 
but  the  bunch  compression  inferred  by  measuring  the  Ms 
transfer  function  (^<)iSn/9<t>out)  using  a  pickup  cavity  is  close  to 
PARMELA. 

2.4  Recirculation  Loop 

The  first  attempt  to  take  beam  around  the  recirculation  loop 
occurred  on  28  Jul  98.  In  the  ten  days  of  operation  that 
followed,  the  recirculated  cw  current  was  pushed  to  0.6  mA  at 

37.4  MHz  with  energy  recovery,  and  the  machine  lased  cw  at 
low  power  while  recirculating.  Lessons  learned  from  this 
experience  motivated  several  modifications  that  expedited 
commissioning  for  high  power.  The  most  important  of  these 
were:  adding  a  74.8  MHz  beam  mode  that  would  generate  4.4 
mA  beam  with  60  pC  bunches,  putting  a  hole  in  the  viewer 
foil  at  the  cryomodule  exit  to  pass  the  prelasing  beam 
unperturbed  and  thereby  permit  a  clean  view  of  the  10  MeV 
energy-recovered  beam,  and  adding  a  viewer  after  the 
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quadrupole  telescope  in  the  energy-recovery  dump  line  to  help 
set  up  the  beam  at  that  dump. 

There  have  been  -60  days  of  operation  between  making  the 
cited  modifications  and  this  Conference.  That  period  brought 
pronounced  improvement  in  performance,  in  part  by 
implementing  longitudinal  matching  and  energy  compression. 
The  laser  power  eventually  plateaued  at  -550W  and  did  not 
increase  as  the  current  was  raised  from  ~3mA  to  4  mA,  the 
highest  current  achieved  to  date.  The  suspected  cause  was  a 
thermal  limit  in  the  Calj  mirrors  comprising  the  optical 
cavity;  they  were  specified  to  support  first  lasing  at  powers  not 
exceeding  -200  W.  Upon  replacing  the  high  reflector  with  a 
silicon  mirror  having  better  thermal  properties,  and  despite  the 
anticipated  power  limit  of  the  remaining  mirror,  the  IR  Demo 
lased  cw  up  to  710  W,  at  which  the  recirculated  current  was 
3.6  mA.  It  is  now  straightforward  to  restore  the  recirculating 
machine  from  a  file  of  saved  settings  and  run  it  for  prolonged 
periods  at  nearly  700  W. 

3  ACCELERATOR  EXPERIMENTS 

Coherent  synchrotron  radiation  (CSR)  is  almost  surely 
present  in  the  IR  Demo's  magnetic  bends  and  may  cause 
measurable  growth  in  the  transverse  emittance  [9].  With  a  60 
pC  bunch  charge,  estimates  indicate  growths  of  about  10%  in 
each  optical  chicane  surrounding  the  wiggler,  and  about  50% 
in  each  recirculation  bend.  Concern  about  CSR-induced  beam 
degradation  was  one  motivator  for  placing  the  wiggler  at  the 
exit  of  the  linac  rather  than  following  the  first  recirculation 
bend.  However,  the  estimates  carry  considerable  uncertainty, 
and  the  machine  is  an  ideal  platform  for  CSR  experiments. 
Both  self-consistent  simulations  and  experiments  in  the  form 
of  parametric  studies  of  emittance  growth  in  the  bunch 
decompressor  following  the  wiggler  and  in  the  first 
recirculation  arc  have  begun.  Initial  data  suggest  the  presence 
of  CSR-induced  emittance  growth,  but  conclusive,  quantitative 
statements  must  await  further  measurements. 

A  series  of  beam  breakup  (BBU)  experiments  is  being 
formulated.  The  motivation  is  to  benchmark  the  code  TDBBU 
that  is  used  to  predict  thresholds  for  multipass  BBU.  Despite 
previous  concerted  effort  [10],  the  code  remains  to  be 
conclusively  validated.  The  calculated  BBU-threshold  current 
in  the  IR  Demo  is  27  mA,  well  above  the  maximum 
achievable  5  mA.  Planned  experiments  involve  attempts  to 
induce  BBU  in  the  recirculation  mode  by  kicking  the  beam 
and/or  powering  deflecting  modes  with  an  amplifier.  Beam- 
transfer  functions  would  be  measured  while  modulating  the 
current  moment  I\x  at  frequencies  or  subharmonics  of  higher- 
order  modes  in  the  cryomodule  cavities.  The  single-pass 
beam-transfer  functions  would  also  be  measured  to  obtain  the 
transverse  shunt  impedances  of  the  strongest  deflecting  modes, 
thereby  providing  the  requisite  input  for  code  calculations. 


4  SUMMARY 

The  IR  Demo  has  performed  admirably  to  date,  reproducibly 
recirculating  nearly  4  mA  of  cw  beam  and  providing  nearly 
700  W  of  stable  cw  laser  power.  Efforts  continue  toward 
boosting  the  power  to  the  full  design  value  of  1  kW,  as  well  as 
toward  improving  the  availability  of  the  electron  gun.  The 
accelerator  is  an  ideal  platform  for  experiments  concerning 
beam-quality  degradation  from  coherent  synchrotron  radiation 
and  beam  breakup.  The  project’ s  success  has  led  Jefferson 
Lab  recently  to  propose  upgrading  the  IR  Demo  to  deliver  -10 
kW  infrared  and  -1  kW  ultraviolet  cw  lasing. 

Rapid  progress  continues.  During  the  week  before  this 
Conference,  the  accelerator  recirculated  47  MeV  beam  at  up 
to  3  mA  current  (all  the  cathode  would  produce)  with  energy 
recovery.  The  outcoupling  mirror  was  replaced  with  a 
sapphire  mirror  of  marginal  quality,  after  which  the  IR  Demo 
quickly  lased  cw  at  3.2pm,  thereby  establishing  its  broadband 
capability.  During  PAC99  week,  a  new  cathode  wafer  was 
being  installed,  and  in  parallel,  plans  are  to  install  two  high- 
quality,  thermally  robust  sapphire  mirrors  to  support  high- 
power  lasing  at  -3  pm.  These  mirrors  and  the  increased 
electron-beam  power  should  be  key  to  reaching  the  full  1  kW. 
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Abstract 


Jefferson  Laboratory  is  currently  commissioning  a  high- 
power  kW-level  cw  IR  FEL  which  recently  demonstrated 
impressive  high-power  capability  with  the  linac 
operating  in  a  nonrecirculating  mode[l].  The  injector, 
which  provides  a  10  MeV  electron  beam  with  high 
bunch  charge  (60-135  pC)  to  the  linac,  consists  of  a  350 
kV  dc  photocathode  gun  and  two  5-cell  superconducting 
rf  cavities,  along  with  a  buncher  cavity.  Due  to  the 
nonrelativistic  nature  of  the  electron  beam  at  350  keV 
there  is  some  interesting  physics  involved  in  the  P  =  1  srf 
cavities  during  acceleration.  This  is  discussed,  as  is  the 
usual  space-charge-originated  emittance  degradation  at 
various  injector  components. 

1  INTRODUCTION 

Requirements  at  the  wiggler  for  a  high  power  kW-level 
cw  IR-FEL  at  Jefferson  Laboratory,  which  has  been 
designed  for  a  typical  range  of  optical  wavelengths 
between  3  pm  and  6  pm,  are  quite  stringent  for  a  42 
MeV  electron  beam  of  60  pC  bunch  charge.  They  are: 

£*,y  =  8.7  n  mm-mrad 
£*  =  33  7t  deg-keV 

CTE/az  =  85  keV/0.5  deg 

Space  charge  effects  are  significant  throughout  the 
injector  beam  line  designed  to  deliver  10  MeV  electron 
beam  to  the  linac  starting  at  photocathode.  One  must 
include  them  properly  in  a  design  study.  For  this  purpose 
we  have  extensively  used  a  version  of  PARMELA[2] 
which  implemented  a  point  by  point  space  charge 
computational  algorithm  to  simulate  better  3-d  beam. 

2  NOMINAL  INJECTOR  PROPERTIES 

A  logical  block  sketch  of  JLAB  FEL  injector  beam  line 
is  shown  in  Figure  1.  Total  beam  line  is  10.5  m  long. 
Details  can  be  found  in  several  JLAB  publications^]. 

2.1  INJECTOR  SETUP 

Design  study  of  JLAB  FEL  injector  has  been  carried  out 
with  PARMELA  supplemented  by  POISSON,  MAFIA 
and  DIMAD.  Initial  electron  bunch  produced  at  cathode 
by  a  laser  spot  of  6  mm  in  diameter  is  round  with  a 
uniformly  distributed  charge  distribution  transversely. 
Longitudinally,  the  bunch  is  90  ps  long  with  a  Gaussian 

*  This  work  was  supported  by  the  U.S.  Department  of  Energy,  under 
contract  No.  DE-AC05-84ER40 150. 


Figure  1:  The  beam  line  is  also  equipped  with  3  viewers, 
1  beam  position  monitor,  1  Happek  device  and  2  multi¬ 
slits. 

distribution  whose  one  a  value  is  taken  to  be  15  ps.  A 
DC  gun  quickly  accelerates  electrons  to  350  keV.  After  a 
1497  MHz  buncher  at  zero  crossing  electron  beam  gets  a 
further  acceleration  to  10  MeV  passing  through  2 
CEBAF  5-cell  superconducting  cavities.  The  10  MeV 
beam  is  then  transported  to  the  entrance  of  a  cryomodule 
via  a  matching  section  which  consists  of  4  quadrupoles 
and  a  bunch  compressor.  Alternatively,  the  beam  can 
also  be  transported  to  a  10  MeV  dump. 

Optimized  machine  setups  for  various  bunch  charges 
ranging  from  0  to  135  pC  have  been  found.  In  this  paper 
we  list  one  for  a  60  pC  bunch  charge  in  Table  1  as  this  is 
the  most  frequently  used  setup  presently.  For  the  sake  of 
completeness,  settings  for  the  cryomodule  cavities  are 
included. 

Table  1:  60  pC  Machine  Parameters 


Element 

Setting 

1st  Solenoid 

260  G 

Buncher 

0.39  MV/m  at  zero  crossing 

2nd  Solenoid 

-205  G 

Cryounit  Cavities 

Is1  Cavity 

1 1  MV/m  and  on  crest 

2nd  Cavity 

9  MV/m  and  -19.7  deg  off 
crest 

Cryomodule  Cavities 

Gradient 

8  MV/m  for  all 

Phase 

-7.5  deg  off  crest  for  all 

2.2  BEAM  PROPERTIES 

Beam  properties  at  various  beam  line  locations  in 
injector  as  expected  from  PARMELA  simulations  are 
summarised  in  Table  2. 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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Table  2:  Injector  Performance 


Location 

eA 

(ti  mm- 
mrad) 

e, 

(TC  deg- 
keV) 

(keV/ 

deg) 

Gun 

1.3/1. 2 

2.2 

0.7/8.7 

Cryounit 

3.9/3.8 

7.1 

15.5/0.9 

Injector  Exit 

4.7Z3.9 

8.0 

12.0/0.7 

This  optimized  setup  is  fully  capable  of  delivering  an 
electron  beam  which  meets  all  design  beam  specifications 
at  the  wiggler.  PARMELA  prediction  of  the  beam  quality 
at  the  wiggler  is: 

e*  /£y  =  5.3  /  5.1 7t  mm-mrad 
e*  9  10  n  deg-keV 
aE/az  =  50keV/0.2deg 

3  A  DC  PHOTOCATHODE  GUN 

In  a  DC-  gun  there  are  no  rf  induced  effects  which 
degrade  beam  quality.  However,  one  must  quickly 
accelerate  the  beam  to  minimize  space  charge  effects  that 
become  dominant  in  our  bunch  charge  range  between  60 
to  135  pC.  Presently,  photocathode  gun  operates  at  350 
kV  and  the  beam  exits  the  gun  after  traveling  a  short 
distance  of  14.4  cm.  Longitudinal  and  transverse  electric 
fields  at  0.35  cm  from  the  axis,  which  is  just  about  at  the 
beam  edge,  are  shown  in  Figure  2. 


Figure  2:  Electric  fields  at  r  =  0.35  cm.  E*  has  been 
multiplied  by  10  to  fit  in  the  scale  together  with  E,, 


The  fields  are  cylindrically  symmetric.  Longitudinal 
electric  field  within  a  volume  occupied  by  the  beam  is 
independent  of  radial  offset  r  to  a  good  approximation, 
even  though  its  dependence  on  z  is  quite  complicated. 
Consequently  transverse  fields  depend  linearly  on  r  and 
emittance  degradation  due  to  DC  fields  is  minimal. 
Emittance  degradation  due  to  space  charge  is  substantial 
as  shown  in  Figure  3.  Energy  spread  increases  also 
exhibiting  a  typical  S-shape.  In  order  to  minimize  these 
degrading  effects  the  gun  voltage  should  be  kept  as  high 
as  possible.  Original  design  calls  for  a  500  kV  DC  gun. 
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Figure  3:  Emittance  degradation  due  to  space  charge 
effects  is  shown  as  a  function  of  a  DC  gun  voltage. 
Dotted  (dot-dashed)  line  is  for  a  135  pC  (60  pC 
respectively)  bunch  charge.  Solid  line  for  the  case 
without  space  charge. 


4  ACCELERATION  IN  CRYOUNIT 

A  350  keV  electron  beam  enters  a  pair  of  CEBAF  5-cell 
superconducting  cavities  separated  by  2.25  wavelengths  - 
an  arrangement  known  as  cryounit  -  for  a  further 
bunching  and  an  acceleration.  The  first  cavity  which  the 
beam  encounters  is  powered  at  11  MV/m  gradient  and 
the  second  one  at  9  MV/m  gradient  as  shown  in  Table  1 . 
Electron  beam  becomes  more  or  less  relativistic  at  10 
MeV  with  p  very  close  to  1  after  the  completion  of 
acceleration  through  the  cryounit.  However,  at  an  initial 
350  keV  energy,  P  for  the  beam  entering  the  cryounit  is 
only  0.8.  As  a  result,  electron  acceleration  in  these 
cavities,  which  are  designed  for  p  =  1  particles,  turns  out 
to  exhibit  a  few  interesting  features.  We  find  the 
following  to  be  noteworthy: 


1)  Upper  limit  of  an  energy  gain. 

Presently,  in  the  FEL  injector  the  first  superconducting 
cavity  the  beam  sees  is  powered  at  1 1  MV/m  gradient.  If 
we  keep  increasing  the  gradient  of  this  cavity,  the  beam 
energy  gain  peaks  at  a  gradient  of  about  40  MV/m. 
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Figure  4:  Maximum  energy  gain  by  a  350  keV  electron 
beam  traversing  a  5-cell  CEBAF  cavity. 
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Of  course,  the  cavity  stops  being  efficient  way  before. 
Indeed,  beyond  about  20  MV/m  gradient  it  is  no  more 
economical  as  Figure  4  shows. 

In  addition  we  also  note  a  strong  dependence  of  the 
cavity  crest  phase  on  the  gradient.  Particularly  we  point 
out  a  linear  dependence  starting  at  a  gradient  of  about  1 1 
MV/m  up  to  a  reasonably  useable  higher  gradient. 

2)  Dependence  of  Crest  Phase  on  Buncher  Phase. 

If  buncher  is  not  at  zero  crossing,  electron  beam  gets 
accelerated  or  decelerated  depending  on  phases,  however 
small  they  may  be.  This  in  turn  has  a  consequence  in 
relative  phasing  between  two  cavities  in  the  cryounit  in 
addition  to  changing  overall  time  of  arrival  at  the  unit. 
Fortunately,  the  effect  appears  to  be  small.  For  a  10  deg 
off  zero  crossing  at  the  buncher  relative  crest  phase 
change  is  about  a  half  degree. 

3)  Time  of  Flight  through  CEBAF  Cavity. 

Time  of  flight  for  an  electron  to  pass  through  a  CEBAF 
5-cell  cavity  depends  strongly  on  initial  rf  phase  of  the 
cavity  as  a  result  of  the  electron  not  being  relativistic  at 
350  keV  at  the  cavity  entrance.  In  Figure  5,  difference  of 
flight  time  (relative  to  the  one  for  an  electron  gaining 
maximum  energy)  is  shown  as  a  function  of  rf  phase 
when  cavity  gradient  is  11  MV/m.  Note  that  the  flight 
time  is  a  function  of  gradient,  too. 


Figure  5:  Time  of  flight  difference  as  a  function  of  cavity 
phase.  The  case  of  cavity  gradient  at  1 1  MV/m  is  shown 
here. 


This  M55'  property  of  the  first  cavity  in  the  cryounit 
along  with  the  fact  that  electron  beam  becomes  fairly 
relativistic  at  the  exit  suggests  a  practical  method  of 
phasing  cavities  in  the  unit  accurate  to  a  few  degrees. 
Namely,  first  find  a  crest  phase  of  the  2nd  cavity  at  an 
initial  phase  of  the  1st  cavity,  and  then  locate  maximum 
energy  point  by  sliding  phases  of  two  cavities  with  a 
fixed  relative  phase  (note  that  order  of  executing  these 
steps  can  be  reversed). 


5  MATCHING  AND  BUNCH 
COMPRESSION 

Matching  section  is  a  235  cm  long  straight  beam  line 
consisting  of  four  15  cm  quadrupoles  separated  by  60  cm 
from  the  center  to  the  center.  An  electron  bunch  is 
compressed  by  passing  through  a  bunch  compressor 
consisting  of  three  20  degree  bending  magnets  arranged 
in  a  right-left-right  horizontal  bend  pattern.  The  dipoles 
are  175  cm  apart  from  each  other.  The  quads  are  set  to 
minimize  emittance  degradation  in  the  bunch 
compressor,  and  in  the  following  linac.  At  same  time 
transverse  phase  space  at  the  linac  exit  must  satisfy  a  few 
requirements  to  facilitate  beam  matching  into  the  wiggler 
subsequently.  Space  charge  effects  are  not  substantial  for 
a  60  pC  bunch  at  10  MeV  in  the  matching  section  as 
evidenced  by  a  following  comparison  between  DIMAD 
and  PARMELA  computations.  Emittance  degradation  is 
less  than  5%. 


Table  3:  Twiss  Parameters  at  the  Matching  Section  Exit 


P/a. 

Space  Charge  On 

7.97  ml  0.33 

13.63  m/3.02 

Space  Charge  Off 

7.09  m/0.59 

12.37  m/3.03 

DIMAD 

7.05  m/0.58 

12.32  m/3.01 

Bunch  compressor  is  achromatic  when  space  charge  force 
is  neglected,  and  has  an  M56  of  -19.25  cm  that  enables  to 
rotate  bunch  longitudinally.  M56  behaves  as  a  negative 
drift  in  the  longitudinal  phase  space.  Space  charge  effects 
observed  in  the  compressor  include  20%  degradation  of 
the  horizontal  emittance  and  20%  change  in  energy 
spread,  up  to  50%  change  in  the  bunch  length,  20  to  70% 
change  in  j3s  along  with  a  drastic  change  in  as.  All  these 
for  a  60  pC  bunch.  Consequently,  PARMELA  has  been 
an  essential  tool  for  a  proper  matching  through  the  bunch 
compressor  to  generate  a  desired  beam  phase  space 
before  entering  the  cryomodule. 

6  CONCLUSION 

1  kW  IR  FEL  is  still  in  the  middle  of  commissioning  and 
we  have  been  successful  so  far  in  achieving  700  watts  of 
IR  power  with  a  little  less  than  4  mA  electron  beam 
recirculating  and  energy  recovering.  Even  though 
injector  setup  is  still  in  need  of  finalization,  JLAB  FEL 
injector  is  providing  a  quality  beam  which  set  many 
records  in  the  operation  of  cw  IR  FEL. 
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Abstract 

A  recirculating,  energy-recovering  linac  is  used  as  driver 
accelerator  for  Jefferson  Lab’s  high  average  power  FEL. 
CW  beam  of  5  mA  design  current  is  transported  from  the 
superconducting  RF  (SRF)  linac  to  the  wiggler  for  lasing, 
and  then  recirculated  back  to  the  linac  for  deceleration  and 
energy  recovery.  About  75%  of  the  beam  power  is 
extracted  before  the  beam  is  transported  to  the  beam 
dump.  Energy  recovery  reduces  power  consumption,  RF 
equipment  capital  costs,  and  beam  dump  shielding 
requirements.  It  is  arguably  essential  as  FEL  technology  is 
scaled  to  higher  average  power  levels. 

To  date,  4  mA  of  CW  beam  has  been  energy  recovered 
successfully.  There  is  no  evidence  of  RF  instabilities  due 
to  the  energy  aperture  of  the  transport  system,  momentum 
compaction  or  the  phase  of  the  decelerating  beam.  HOM 
power  from  the  beam  has  interfered  with  the  operation  of 
the  IR  interlock  detectors,  designed  to  protect  the  warm 
waveguide  window  from  thermal  runaway.  Installation  of 
copper  screens  appears  to  have  solved  the  problem.  More 
detailed  studies  of  the  HOM  spectra  and  their  correlation 
to  the  beam  properties  are  planned. 

1  INTRODUCTION 

Jefferson  Lab’s  IRFEL  is  presently  being  commissioned  to 
produce  CW,  kW-level  light  at  3  to  6  pm  wavelength. 
Output  power  of  710  W  at  4.8  pm  has  been  achieved  to 
date  [1],  [2]  with  energy  recovery.  The  IRFEL  driver 
accelerator  consists  of  a  10  MeV  injector,  which  includes 
a  350  kV  photocathode  gun,  followed  by  a  copper  buncher 
cavity  and  a  CEBAF-type  1497  MHz  superconducting  RF 
(SRF)  cryounit  to  generate  an  accelerating  gradient  of 
10  MV/m.  The  linac  uses  a  full  CEBAF  cryomodule  to 
generate  an  average  accelerating  gradient  of  8  MV/m,  for 
a  resulting  beam  energy  of  42  MeV.  The  beam  is 
transported  from  the  linac  to  the  wiggler  where  the  lasing 
process  takes  place.  A  transport  lattice  recirculates  the 
spent  beam  back  to  the  linac  for  deceleration  and  energy 
recovery  where  about  75%  of  the  beam  power  is 
converted  into  RF  power.  The  10  MeV  beam  is  then 
transported  to  a  dump. 

'Supported  by  US  DOE  Contract  No.  DE-AC05-84ER40150. 
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In  Section  2  we  present  our  operational  experience  with 
energy  recovery  of  4  mA  of  CW  beam  in  an  SRF 
accelerator.  In  Section  3  we  describe  the  problem  we 
encountered  with  the  IR  detectors  and  link  it  to  higher- 
order  modes  (HOM’s)  excited  by  the  sub-micron  long 
bunches. 

2  OPERATIONAL  EXPERIENCE  WITH 
ENERGY  RECOVERY 

In  the  energy  recovery  mode  of  operation,  the  beam  is 
accelerated  by  the  SRF  linac  to  a  final  energy  of 

38.5  MeV  (as  measured  by  the  bending  magnets),  is  then 
transported  around  the  recirculation  path,  enters  the  same 
SRF  linac  approximately  180°  out  of  the  crest  of  the  RF 
wave  for  energy  recovery — thereby  being  decelerated  to 
10  MeV — and  is  finally  transported  to  the  dump. 
Therefore,  at  any  time  there  are  two  beams  in  the  linac 
cavities  (one  accelerating  and  one  decelerating). 
Longitudinal  dynamics  imposes  off-crest  operation  for  the 
two  beams.  When  the  FEL  is  turned  on,  the  accelerating 
beam  is  at  a  phase  of  8°  from  the  RF  crest  and  the 
decelerating  beam  is  at  180°  from  the  accelerating  beam. 
With  6kW  (unsaturated)  klystron  power,  in  the  energy 
recovery  mode,  we  have  optimized  the  external  Q's  to 
4  x  106,  which  allows  operation  at  8  MV/m  in  the  presence 
of  microphonics  of  370  Hz  peak-to-peak  for  5  mA  of 
average  current. 

2.1  Power  Requirements 

To  date  we  have  accelerated  and  stably  energy  recovered 
up  to  4  mA  of  continuous  wave  beam.  We  have 
demonstrated  that  energy  recovery  works  equally  reliably 
in  the  pulsed  mode  where  200  (isec  beam  pulses  enter  the 
SRF  cavities  at  several  Hz  rate  (from  2  Hz  to  60  Hz). 
Figure  1  demonstrates  the  difference  between  non- 
recirculated  operation  and  energy  recovery,  in  pulsed 
mode.  The  signal  plotted  is  GASK,  the  signal  used  to 
control  the  amplitude  of  the  RF  drive.  When  the  200  psec 
beam  pulse  enters  the  cavity,  there  is  a  beam-induced 
gradient  fluctuation  due  to  transient  beam  loading.  In 
response,  the  gradient  modulator  drive  tries  to  compensate 
by  demanding  more  klystron  power,  resulting  in  the 
waveforms  depicted  in  Figure  1,  with  signal  levels  around 

1.5  to  2  V.  With  energy  recovery,  however,  the  same 
GASK  signals  are  very  close  to  zero  as  the  two  signals 
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cancel  each  other  thereby  making  the  decelerating  beam 
act  as  the  power  source. 


Time  (sec) 


Figure  1:  Gradient  modulator  drive  signals  in  four 
different  linac  cavities,  measured  without  energy  recovery 
(signal  level  approx.  2  V),  and  with  energy  recovery 
(signal  level  approx.  0  V). 

The  power  requirements  for  acceleration  of  1  mA, 
2.4  mA,  3  mA  and  3.5  mA  with  energy  recovery  are 
shown  in  Table  1  and  compared  to  those  without  beam. 
To  enhance  the  contrast,  power  requirements  for 
acceleration  of  1.1  mA  without  energy  recovery  are  also 
shown. 


Table  1 :  Forward  power  to  the  ciyomodule  cavities  under 
different  beam  conditions.  The  last  four  columns  are  for 
energy  recovery. 


Cav. 

Beam  off 

1.1  mA 

1  mA 

2.4  mA 

3  mA 

3.5  mA 

1 

2.47 

5.11 

2.17 

2.23 

2.37 

2.20 

2 

2.02 

5.05 

1.95 

1.95 

1.84 

1.90 

3 

1.14 

3.46 

1.18 

1.33 

1.27 

1.32 

4 

2.11 

4.63 

2.29 

2.33 

2.57 

2.36 

5 

1.53 

3.99 

1.68 

1.83 

1.71 

1.83 

6 

1.91 

4.81 

2.01 

2.00 

2.27 

2.06 

7 

1.87 

4.37 

2.15 

1.94 

2.07 

1.87 

8 

1.73 

4.23 

1.84 

1.79 

1.73 

1.63 

2.2  RF  Stability 

Fluctuations  of  the  cavity  fields  in  the  linac  can  cause 
beam  loss  on  apertures,  phase  oscillations  and  optical 
cavity  detuning  [3].  All  three  effects  change  the  beam- 
induced  voltage  in  the  cavities  through  the  recirculating 
beam.  Depending  on  the  RF  feedback  characteristics,  this 
can  lead  to  instabilities  both  of  the  accelerating  field  and 
the  laser  output  power.  To  date  we  have  accelerated, 
energy-recovered  and  lased  stably  up  to  3.6  mA  of  CW 
beam  current  with  no  evidence  of  any  type  of  instability. 


3  HIGHER-ORDER  MODES  AND  IR 
DETECTORS 

3.1  IR  Interlock  Detectors 

Each  cavity  in  the  cryomodule  is  kept  under  vacuum  by 
two  waveguide  windows,  a  ceramic  one  at  2  K  and  a 
polyethylene  one  at  room  temperature.  The  waveguide 
section  between  the  windows  is  protected  against  arcing 
by  an  interlocked  photomultiplier  tube  and  against  thermal 
runaway  (mostly  of  the  warm  window)  by  a  thermopile 
infrared  detector.  The  IR  detector  is  aimed  at  the  cold 
waveguide’s  parts  through  a  16  mm  diameter  tube 
departing  from  the  narrow  sidewall  of  the  high  aspect  ratio 
waveguide.  During  the  first  operation  of  the  FEL  with 
sizable  CW  beam  (-1  mA),  it  was  noticed  that  the  signal 
from  the  IR  detector  (normally  negative,  since  it  detects  a 
temperature  lower  than  that  of  the  detector’s  body)  was 
increasing  towards  zero.  This  observation  was  ascribed  to 
possible  HOM  emission,  with  consequent  additional 
heating  of  the  waveguide  area,  but  no  further  action  was 
taken.  As  the  current  was  raised  in  recent  weeks,  the 
signal  from  the  IR  detectors  in  all  cavities  was  observed  to 
rise,  until,  at  about  1.5  mA,  it  reached  the  set  trip  point  of 
the  IR  interlocks,  shutting  off  the  beam  and  the  RF  power 
and  virtually  preventing  operation  of  the  machine.  The 
observed  anomalous  response  from  the  IR  detector 
possesses  the  following  characteristics:  a)  it  appears  only 
when  the  beam  is  on,  and  b)  the  response  time  with  beam 
on/off  is  of  the  order  of  one  second,  a  couple  of  orders  of 
magnitude  faster  than  the  normal  thermal  response  time  of 
the  waveguide  subjected  to  a  few  kilowatts  of  incident 
power. 

Based  on  these  observations,  it  was  thought  that  the  IR 
detector  was  producing  a  spurious  signal,  not  due  to  real 
temperature  changes  in  the  waveguide  assembly.  Bench 
tests  of  an  IR  detector  assembly  revealed  that  the  detector 
is  sensitive  to  direct  exposure  to  RF,  producing  a  positive 
signal  with  a  response  time  of  one  second.  Measurements 
performed  around  20  GHz  showed  a  sensitivity  of  the 
detector  of  about  ,4-.6  mV/mW.  The  16  mm  diameter  tube 
in  which  the  detector  is  assembled  has  a  cut-off  frequency 
of  about  1 1  GHz  in  the  TEn  mode  and  about  14.4  GHz  for 
the  TM0,  mode.  The  installation  of  an  RF  screen  with  mm- 
sized  holes  removes  most  of  the  signal  associated  with  the 
beam’s  suspected  HOM’s,  while  still  providing  reasonable 
response  from  the  fundamental  RF  power  heating  of  the 
waveguide.  The  observation  of  the  RF  response  of  the  IR 
detector  provides  us  with  a  bolometric  tool  for  the 
detection  and  analysis  of  the  HOM’s  generated  by  the 
beam.  An  assembly  of  three  detectors  with  different 
screens  has  been  placed  on  one  of  the  cavities' 
waveguides.  The  assembly  is  mounted  at  90°  from  the 
direct  line  of  sight  of  the  interlocking  IR  detector  on  a  16 
mm  pipe  "tee".  The  detectors  in  this  assembly  show  no 
response  under  the  zero  power  condition,  since  they  are 
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not  looking  at  the  waveguide’s  cold  surfaces,  but  at  a  room 
temperature  part  of  the  "tee".  They  also  show  no  response 
to  RF  power  on,  indicating  that  the  IR  radiation  is  not 
coupled  to  it  via  the  90°  "tee".  When  the  beam  is  turned 
on,  however,  the  IR  detector  responds  with  a  positive 
signal  with  a  one-second  time  constant  (Figure  2).  Only 
microwave  energy  between  11  GHz  and  a  few  tens  of 
GHz  can  couple  efficiently  through  the  bend  and 
propagate  to  the  detector.  This  additional  confirmation  of 
the  correlation  of  the  IR  response  with  RF,  and  not  with 
heating,  strongly  supports  the  hypothesis  that  no  additional 
heat  is  being  generated  which  could  endanger  the  safe 
operation  of  the  superconducting  cavities. 
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Figure  2.  Traces  of  standard  IR  interlock  detectors 
(changing  from  high  to  low,  polarity  reversed)  and  of  90° 
offset  detectors  (changing  from  low  to  high)  as  the  beam 
is  turned  on. 


The  typical  signal  detected  by  the  IR  sensors  indicated 
that  the  amount  of  HOM  power  reaching  the  detector  is  of 
the  order  of  several  milliwatts.  At  present,  the  coupling 
factor  from  total  HOM  power  generated  to  that  detected  is 
unknown,  although  it  should  be  very  small,  probably  less 
than  102. 


3.2  Higher-Order  Modes 

Power  emitted  by  the  beam  in  the  form  of  Higher-Order 
Modes  has  been  estimated  to  be  of  the  order  of  a  few 
watts  per  cavity.  A  fraction  of  that  power  (at  frequencies 
between  1.9  GHz  and  several  GHz)  should  propagate  into 
the  HOM  extraction  waveguides  and  be  absorbed  by 
specially  designed  loads  kept  at  the  cryomodule  thermal 
shield's  temperature,  50  K.  Other  modes  will  propagate 
down  the  beam  pipe  and  be  absorbed  anywhere  in  the 
cavities  at  2  K  or  in  the  warm  sections  of  the  line. 
Thermal  measurements  of  potential  losses  due  to 
longitudinal  modes  have  so  far  failed  to  detect  additional 
heat  loads  due  to  HOM’s,  but  the  sensitivity  of  these 
measurements  is  of  the  order  of  a  few  watts  per  cavity. 
Additionally,  modes'  power  will  propagate  into  the 
fundamental  power  coupler  and  will  be  absorbed  by 
waveguide  filters  in  the  guide's  warm  sections.  Lightly- 
coupled  electric  field  probes,  coupling  mostly  to  TE^ 
modes  in  the  high  aspect  ratio  rectangular  waveguide, 


have  provided  qualitative  insight  into  the  spectrum  of  the 
emitted  RF  (Figure  3). 
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Figure  1.  RF  spectra  sampled  from  the  input  waveguide  of 
a  cryomodule  cavity.  Black  trace:  3.5  mA  beam.  White 
trace:  1.3  mA  beam. 

Preliminary  results  show  a  highly  populated  spectrum 
of  lines  spaced  by  37.425  or  74.850  MHz  (the  bunch 
repetition  frequency).  The  spectra  start  at  about  6  GHz, 
the  cut-off  frequency  of  the  TE01  mode  in  the  guide.  The 
spectra  are  detected  up  to  22  GHz,  the  upper  frequency  of 
the  analyzer. 

4  OUTLOOK  AND  CONCLUSIONS 

We  have  successfully  operated  Jefferson  Lab’s  IRFEL  in 
energy  recovery  mode  with  up  to  4  mA  of  CW 
recirculating  current.  No  evidence  of  RF  instabilities  has 
been  observed.  The  presence  of  HOM's  from  the  short 
bunches  in  the  SRF  cavities  has  been  confirmed  by 
different  methods.  Detection  of  HOM  power  by  the  IR 
interlocks  has  interfered  with  operations,  but  the 
installation  of  copper  screens  appears  to  have  solved  the 
problem.  The  response  of  the  detectors  themselves  to  the 
HOM’s  is  planned  to  be  used  to  gain  information  about 
their  dependence  on  beam  properties  such  as  bunch 
length,  bunch  repetition  frequency  and  charge  per  bunch. 
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Abstract 

Recently,  the  JAERI  superconducting  rf  linac  based 
FEL  has  successfully  been  lased  to  produce  a  0.1  kW  FEL 
light  and  about  70kW  electron  beam  output  in  quasi 
continuous  wave  operation.  The  lkW  class  output  as  our 
present  program  goal  will  be  achieved  to  modify  the 
optical  outcoupling  method  in  the  FEL  optical  resonator 
and  to  improve  the  electron  beam  optics  and  basic 
performances  in  the  JAERI  FEL  driver.  As  our  next 
program  goal  is  a  lOOkW  class  FEL  light  and  multi-MW 
class  electron  beam  output  in  average,  quasi  continuous 
wave  operation  of  multi-MW  electron  beam  will  be 
planned  in  the  JAERI  superconducting  rf  linac  FEL  driver 
facility  within  a  few  years.  Conceptual  and  engineering 
design  options  needed  for  such  a  very  high  power 
operation  will  be  discussed  to  modify  and  to  upgrade  the 
existing  facility  in  the  conference. 


*  Email:  eisuke@jfel.tokai.jaeri.go.jp 

1  INTRODUCTION 

As  well  known,  a  laser  system  consists  of  three 
major  parts,  i.e.,  a  laser  driver  like  a  flash  lamp,  a  gain 
medium  like  a  glass  or  a  crystal,  and  an  optical  resonator 
of  paired  or  several  mirrors.  Since  the  invention  of  the 
laser  in  1960's,  efficiency  and  average  power  level  of  the 
conventional  lasers  have  been  seriously  limited  to  very 
low  by  their  huge  heat  losses  in  the  laser  drivers  and  gain 
media,  and  damages  in  the  mirrors.  Because  a  free 
electron  laser(FEL)  has  an  high  energy  electron  beam  in 
alternating  magnetic  field  as  the  gain  media,  we  could 
neglect  the  heat  losses  in  the  FEL  gain  media. 
Unfortunately,  as  long  as  conventional  normal  conducting 
accelerators  were  used  to  produce  the  high  energetic 
electron  beam  as  the  FEL  driver,  we  still  have  the  large 
heat  losses  in  the  accelerator  cavity  wall  of  the  FEL 
driver.  Therefore,  in  order  to  make  a  highly-efficient,  and 
high  average  power  FEL,  we  resultantly  have  to  minimize 
the  heat  losses  in  the  driver  to  very  low  level  in 
comparison  with  total  rf  power  consumption.  This  is  our 
motivation  why  we  try  to  apply  the  superconducting  rf 
linac  to  the  JAERI  FEL  driver. 

A  developmental  program[l,2]  of  the  FEL 
system  for  a  far-infrared  region  from  the  wavelength  of 
10pm  to  100pm  has  been  undertaken  at  Japan  Atomic 
Energy  Research  Institute(JAERI),  Tokai.  The  purpose  of 
the  present  JAERI  FEL  program  lies  in  constructing  a 
very  long  pulse  simulating  the  continuous  wave(cw)  and, 
or  quasi-  cw  superconducting  rf  linac  FEL  driver  of 


lOOkW  beam  power,  and  demonstrating  a  high-average 
power  FEL  of  lkW  in  the  far-infrared  wavelength  region. 

Because  the  wall  losses  and  required  rf  power  become 
minimal  in  the  superconducting  accelerator  cavity,  we 
recently  could  realize  the  lOOkW-class  high-power  rf 
linac  driver  in  the  quasi-  cw,  and  hence  the  high-average 
power  laser  up  to  O.lkW  class.  Each  major  part  of  the 
program  including  future  plans  has  been  reported  in  other 
papers  [1,2]  in  detail.  Here,  we  present  an  outlook  of  the 
program  including  the  present  status  and  future  plans. 
Especially,  the  achievement  of  the  present  design  goal  of 
lkW  FEL  output,  and  a  quasi-cw  electron  beam  of  multi- 
MW  class  for  realizing  a  lOOkW  FEL  output  will  be 
discussed  in  briefly  using  an  energy  recovery  scheme. 

2  INJECTOR 

An  injector  of  the  JAERI  FEL  consists  of  a 
thermionic  cathode  electron  gun  with  a  pulsing  grid,  a 
sub-harmonic  buncher(SHB).  The  accelerating  voltage  in 
the  single  gap  electron  gun  is  typically  around  235kV,  and 
the  gun  is  usable  from  220  to  250kV  recently.  The 
cathode  is  mounted  horizontally  in  a  stainless-steel 
pressurized  vessel  with  SF6  gas  to  2kg/cm2  in  order  to 
prevent  break  down  across  a  45  cm-long  insulating 
ceramic  tube  of  the  gun.  The  accelerating  gap  electrodes 
are  fabricated  in  a  re-entrant  geometry  to  increase  the 
accelerating  gradient.  As  the  old  was  located  far  from  the 
pump,  the  new  was  made  to  locate  just  above  the  pump 
and  to  shorten  the  beam  axis  distance  in  September  1998. 
Resultantly,  we  could  realize  a  arc  or  discharge  related 
voltage  degradation-free  high  voltage  holding  system. 
Conceptual  design  of  the  geometry  and  the  optimization 
were  made  again  by  computer-modeling  of  electron 
beams  using  E-GUN[3],  and  beam  parameter 
measurements,  respectively. 

The  injector  was  first  installed,  and  commissioned  late 
August  1991,  and  had  been  operated  routinely  till  the 
beginning  of  1997.  In  1997  and  1998,  an  intensive  study 
of  the  pulser  and  electron  gun  performances  and 
improvements  had  resulted  in  minimizing  a  pulse  width 
and  incresing  the  peak  current  and  pulse  charge.  The 
improvements  typically  obtained  are  as  follows:  an 
electron  beam  ranging  from  0.8  to  1.2 A  with  Ins  bunch 
length  was  extracted  from  the  gun  at  the  accelerating 
voltage  of  235kV.  The  beam  was  successfully 
compressed  to  60  ps  or  less  at  around  the  time  focus  point 
by  the  bunching  system[l].  Normalized  emittances  after 
the  SHB  were  measured  around  20  to  30  iz  mmmrad. 
Transmissions  of  the  injector  and  the  whole  system  were 
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measured  to  be  around  100%  by  using  the  JAERI-made 
current  core  monitors,  fast  Faraday  cups  and  others 
Time  jitters  of  the  pulses  were  measured  to  be  as  small 
as  several  tens  ps  around  the  gun.  No  firing  of  the 
unwanted  pulse  during  the  quasi  CW  mode,  and  very 
small  peak  current  deviation  of  being  well  lower  than  1% 
in  each  pulse  have  been  achieved. 

3  SUPERCONDUCTING  RF  LINAC 

The  JAERI  superconducting  rf  linac  consists  of 
two  pre-accelerator  modules  of  the  single-cell  cavity  type 
and  two  main  modules  of  the  5-cell  cavity  one.  The 
resonant  frequency  of  the  cavities  is  499.8MHz  which  is 
exactly  the  same  with  the  buncher,  and  the  sixth  harmonic 
of  the  SHB  one. 

We  decided  to  choose  a  superconducting 
500MHz  cavity  design  with  similar  geometry’s  being 
found  in  KEK,  DESY,  and  other  high  energy  physics  labs, 
and  the  fabrication  technology  refined  by  Siemens 
Energieerzeugung  KWU  for  the  JAERI  FEL 
superconducting  rf  linac  accelerator  late  September,  1990. 
Design  values  of  the  accelerating  field  strength  and 
quality  factor  for  the  cavities  are  5MV/m,  and  2  x  10+9, 
respectively.  In  the  beginning  of  1993,  we  have 
successfully  demonstrated  a  very  good  cryogenic 
performance  of  stand-by  loss<4.5W  at  4.2K,  and 
accelerating  fields'  ones  of  8.3MV/m  and  quality  factor  2 
x  10+9  in  four  JAERI  superconducting  accelerator 
modules,  and  installed  them  in  the  FEL  accelerator  vault. 

As  a  main  coupler  was  designed  to  have  a 
variable  coupling  coefficient  over  3  and  half  decades  from 
the  critical,  we  could  inject  not  only  low  current  but  also 
high  current  electron  beams  into  the  accelerator  cavity 
without  losing  rf  power  by  mismatching  in  the  coupler.  In 
order  to  do  some  rf  system  diagnostics,  we  could  easily 
and  quickly  perform  low  and  high  rf  power  tests  anytime 
adjusting  the  coupler.  Typical  peak  rf  power  for  the 
coupler  was  measured  up  to  the  50kW  without  any  trouble 
in  JAERI.  The  coefficient  was  designed  to  be  adjusted  by 
pushing  and  pulling  a  center  conductor  into  the  cavity 
over  about  10cm. 

Three  sets  of  the  higher  mode  couplers  were 
made  to  suppress  unwanted  and  harmful  TE  and  TM 
modes  having  a  higher  resonance  frequency.  Two 
monitor  couplers  were  used  in  monitoring  and  phase 
detecting  in  the  feedback  loop  of  a  fast  tuner.  Slow  and 
fast  tuners  were  made  to  tune  a  resonance  frequency  of 
the  cavity.  The  slow  tuner  consists  of  a  stepping  motor 
driver  and  an  manually-controlled  interface  from  the 
control  system.  The  fast  tuner  consists  of  three  sets  of  a 
piezo-electric  actuator  and  a  high  voltage  power  supply,  a 
feedback  loop,  an  interface  from  the  phase  detector,  and 
the  control  system  in  one  module.  During  the  beam 
acceleration,  the  system  keeps  the  phase  constant  within 
0.2  degree  p-p,  and  keeps  the  amplitude  constant  within 
0.05%  p-p  except  for  the  first  lOps. 


4  CRYOSTAT  AND  REFRIGERATORS 

We  have  newly  developed  zero-boil-off  (ZBO) 
multi-refrigerators  system  integrated  into  the 
superconducting  accelerator  module  cryostat  to  realize  a 
independent,  and  highly-efficient  system  without  any 
liquid  coolant.  Instead  of  liquid  He  coolant,  we  need 
some  amount  of  liquid  He  to  stabilize  the  pressure  and 
temperature  inside  the  liquid  He  vessel  and  Nb  cavity. 
Each  accelerator  module  has  own  heat  shield  cooler  and 
recondensor  being  equipped  with  two  sets  of  refrigerator 
and  compressor,  independently.  This  modular  structure  of 
the  cryostat  makes  it  possible  to  remove  any  single 
module  for  repairing,  and  to  add  more  modules  without 
stopping  and  warming  other  module. 

A  4K  closed-cycle  He  gas  refrigerator  mounted 
just  above  a  liquid-He  supply  tower  of  the  module  was 
adopted  to  cool  down  and  to  recondense  cold  vapor  of 
liquid  He  around  a  heat  exchanger  in  the  liquid  He 
container.  Required  electricity  of  a  conventional  liquefier 
is  around  lkW  for  1W  cooling  at  4.5K,  and  the  required 
of  the  JAERI  recondensor  1.8kW  at  4.2K.  In  order  to  run 
the  recondensor  economically,  we  introduced  a  new  heat 
buffering  material  of  ErHoNi  magnetic  compound  instead 
of  Pb,  and  successfully  reduced  the  required  down  to 
0.9kW.  A  40K/80K  two-stage  closed-cycle  He  gas 
refrigerator,  which  was  mounted  in  a  vacuum  vessel  of  the 
module  was  adopted  to  cool  down  the  40K  and  80K  heat 
shields  and  other  major  components  of  the  cryostat. 
These  two  kinds  of  the  refrigerators  are  available 
commercially  in  Japan.  The  4K  refrigerator  fixed  in  a 
heavy  steel  frame  can  be  winched  up  and  down  to  remove 
the  heat  exchanger  out  of  the  liquid  He  container,  and  to 
insert  the  exchanger  into  the  container  using  two  small  in- 
house  cranes.  Cooling  capacity  of  the  4K  refrigerator  is 
about  1 1 .5 W  at  4.2K  and  60Hz.  We  could  run  the  whole 
system  continuously  with  no  trouble  and  no  additional 
supply  of  liquid  He  for  one  year  in  1996.  Recently,  we 
have  prepared  to  increase  effective  cooling  power  by 
increasing  the  number  of  recondensor  twice  or  three  times 
and  increasing  cooling  capacity  of  the  single  recondensor 
up  to  25W 

The  40K  and  80K  heat  shields  are  used  to  prevent  heat 
invasion  from  outside  into  the  liquid  He  container.  In 
order  to  minimize  heat  loads  to  the  container,  the  heat 
shields  work  as  a  thermal  anchor,  and  make  the  heat  flow 
return  route  having  a  temperature  higher  than  4.2K  for  all 
heat  bridges  from  the  outside.  The  40K/80K  refrigerator 
used  here  provides  two  cooling  stages  with  a  typical  pair 
of  temperature  of  40K  and  80K  and  heat  load  capacities  of 
40 W  and  120W  ,  respectively.  As  heat  loads  of  the  two 
stages  in  typical  condition  were  very  small,2W  and  50W 
respectively,  operational  temperatures  of  them  were  very 
low,  10K  and  50K,  respectively.  We  have  had  absolutely 
no  trouble  in  the  heat  shield  coolers  for  about  6  years 
continuous  running. 

These  two  refrigerators  and  whole  ZBO  system 
including  the  prepared  multi-recondensor  ones  have  been 
authorized  to  run  with  no  operational  crew  as  a  open 
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dewar  with  the  cooler  by  the  Japanese  central  and  local 
governmental  offices  under  a  full  control  of  the  Japanese 
pressure  vessel  codes. 

5  RF  POWER  SUPPLIES 

One  of  the  largest  merit  of  a  superconducting 
accelerating  cavity  is  very  low  power  loss,  which  makes  it 
possible  to  use  all-solid-state  rf  power  amplifiers  for  all  of 
the  cavities[l].  Because  the  required  voltage  of  the  all- 
solid-state  amplifiers  is  lower  than  that  of  a  klystron  and  a 
tetrode,  a  more  stable,  wider  band  width  and  faster- 
responsing  rf  power  is  expected  to  be  realized.  We  chose 
two  sets  of  all-solid-state  50kW  rf  power  amplifiers  for 
the  main  accelerators,  two  sets  of  6kW  for  the 
preaccelerators,  and  4kW  for  the  SHB. 

Performance  of  the  rf  power  supplies  has  been 
successfully  demonstrated  to  be  better  than  0.05%  of 
amplitude  and  within  0.2  degree  of  phase  stability  at  an  rf 
power  level  of  35kW  or  more  in  lasing  experiments.  We 
have  had  no  malfunctioning  of  the  rf  power  supply  since 
the  installation,  and  we  expect  semi-infinite  lifespan,  no 
needs  for  aging,  repairing  and  maintenance  near  future. 

6  ELECTRON  BEAM  TRANSPORT 

SYSTEM 

The  energy  of  electron  beams  accelerated  by  the 
linac  usually  ranges  from  about  10  to  25  MeV.  A 
conceptual  design  of  the  transport  system  was  done  by 
using  the  beam  optics  code  TRACE-3D  [4].  High  current 
beams  have  to  be  fed  to  the  undulator  under  isochronous 
or  achromatic  conditions  for  efficient  lasing  of  FEL. 
Because  of  the  large  amount  of  charge  density,  space 
charge  effects  would  become  serious  in  a  long  transport 
line  and  a  beam  waist,  especially  from  around  the  capture 
to  just  before  the  main  accelerator  module  .  Since  the 
code  could  take  into  account  partially  space  charge 
effects,  the  transport  system  has  been  investigated  using 
the  code. 

A  beam  dump  was  capable  of  handling  about  100  pA 
of  true  average  current  or  more,  and  2  kW  of  beam 
power.  Cooling  of  the  dump  which  was  made  from  an 
Aluminum  cylindrical  block  was  provided  by  air  flowing. 
About  40  cm-thick  lead  blocks  surrounds  the  dump  to 
reduce  the  radiation  levels  during  routine  operation  to 
natural  background  levels  outside  the  shielding  walls 
made  of  150  cm-thick  concrete  and  soil. 

7  PRESENT  STATUS  AND  FUTURE 

PLANS 

First  saturated  and  stable  FEL  oscillation  were 
observed  to  be  around  25pm  and  O.lkW  at  16MeV 
electron  energy  in  26th  February,  1998.  An  achievement 
of  the  present  design  goal  of  lkW  FEL  output  is  partially 
discussed  in  each  developmental  items  like  the  electron 
gun  and  others  above.  In  addition  to  them,  we  planned 


and  prepared  to  improve  the  optical  outcoupling  in 
axially-symmetric  manners. 

As  our  next  program  goal  is  a  lOOkW  class  FEL  light 
and  multi-MW  class  electron  beam  output  in  average, 
quasi  continuous  wave  operation  of  multi-MW  electron 
beam  is  planned  in  the  JAERI  superconducting  rf  linac 
FEL  driver  facility.  As  an  example,  several  tens  mA  and 
50MeV  linac  driver  in  the  energy  recovery,  and  lOOkW 
1.5pm  FEL  device  for  heavy  industries  are  under 
consideration  in  cooperation  with  Japanese  private  firms. 
Conceptual  and  engineering  design  options  needed  for 
such  a  very  high  power  operation  are  now  under 
preparation  to  modify  and  to  upgrade  the  existing  facility. 

After  the  current  developmental  program  will  be 
successfully  ended,  we  plan  to  build  a  large-scaled  high 
average  power  FEL  facility  driven  by  a  superconducting 
rf  linac  with  a  200MeV  recirculating  configuration,  or  to 
build  a  UV  and  shorter  wavelength  FEL  facility  without  a 
recirculating  configuration.  After  or  before  the  second 
step,  an  industrial  superconducting  rf  linac  based  CW 
FEL  machine(Industrial  SCFEL)  will  be  built  to 
demonstrate  1.5pm  20kW  high  average  FEL  output  power 
capabilities  of  the  superconducting  rf  linac  FEL  driver. 
These  three  plans  under  consideration  in  JAERI  are  not 
approved  yet  by  Japanese  government. 

8  SUMMARY 

In  conclusion,  we  have  presented  the  status  and  purpose 
of  the  JAERI  quasi-cw,  high-average  power  FEL  program 
concerning  the  superconducting  rf  linac  driver,  and  other 
FEL  opticals.  We  reported  our  successful  demonstration 
on  the  performances  of  the  JAERI  superconducting  rf 
linac  driver  and  FEL  device.  We  are  now  active  in 
realizing  a  demonstration  of  the  lkW  FEL  output  and 
next  step  of  mutli-MW  FEL  driver  using  the  energy 
recovery  technology. 

9  REFERENCES 

[  1  ]M.Sawamma,et.al.,Nucl.Instrum.MethodA3 18(1 992)  1 
27. 

[2] M.Ohkubo  et.al.,Nucl. Instrum. Methods  A296 
(1990)270. 

[3] W.B.Herrmannsfeldt,SLACReport-226,  November 
1979. 

[4] K.R. Crandall, et.  al.,LA-1054-MS,UC32  and 
UC28,1987. 


2461 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

3D  DESIGN  OF  THE  FUSION-FEM  DEPRESSED  COLLECTOR  USING 
THE  GENERAL  PARTICLE  TRACER  (GPT)  CODE. 

S.B.  van  der  Geer.  M .1.  de  Loos,  Pulsar  Physics 
W.H.  Urbanus,  A.G.A.  Verhoeven,  FOM-Rijnhuizen,  Association  EURATOM-FOM 


Abstract 

The  “Rijnhuizen”  Fusion  Free-Electron  Maser  (FEM)  is 
the  pilot  experiment  for  a  high  power,  mm-wave  source, 
tunable  in  the  range  130-260  GHz.  The  FEM  has 
generated  730  kW  output  power  during  10  (is  pulses. 

To  increase  the  overall  efficiency  to  over  50  %  and  to 
reach  a  pulse  length  of  at  least  100  ms,  an  electron  beam 
charge  and  energy  recovery  system  is  currently  being 
designed  and  installed.  This  system  consists  of  an 
electrostatic  decelerator,  which  decels  the  beam  from 
2MeV  to  an  average  of  200  keV,  and  a  depressed 
collector.  The  EM-wave  interaction  inside  the  undulator 
can  result  in  an  energy  spread  of  300  keV  behind  the 
decelerator. 

The  multi-stage  collector  is  designed  so  that  electrons 
fall  on  the  backside  of  one  of  three  electrodes,  thus 
ensuring  that  secondary  particles  will  immediately  be 
accelerated  back  towards  the  electrodes.  However, 
scattered  primary  electrons  can  cause  back  streaming, 
hereby  reducing  the  efficiency  and  possibly  damaging  the 
machine. 

To  reduce  this  back  streaming  to  below  a  tolerable 
0.1  %,  the  General  Particle  Tracer  (GPT)  code  is  being 
used  to  calculate  primary  and  scattered  particle 
trajectories  inside  the  collector.  It  will  be  shown  that  an 
off-axis  bending  scheme,  using  a  rotating  perpendicular 
magnetic  field  lowers  the  back  streaming  and  hereby 
increases  the  pulse  length  of  the  machine.  The  bending 
scheme  also  improves  the  power  dissipation  in  the 
collector. 

1  INTRODUCTION 

The  Fusion-FEM  is  the  prototype  of  a  high  power, 
electrostatic  mm-wave  source,  tunable  in  the  range  130- 
260  GHz  [1],  The  device  is  driven  by  a  2  MeV,  12  A  dc 
electron  beam  and  is  designed  to  generate  1  MW 
microwave  power,  see  Table  A.  Without  decelerator  and 
collector,  the  FEM  has  produced  730  kW  during  10  (is 
pulses.  In  the  future  FEMs  can  be  used  as  power  sources 


for  electron  cyclotron  applications  on  magnetically 
confined  plasmas  in  fusion  research  devices. 

Because  of  its  flexibility  and  capabilities,  the  General 
Particle  Tracer  (GPT)  code  has  been  used  for  the 
complete  design  of  the  FEM  beam  line  [2].  The 
simulations  include  FEL  interaction,  space-charge  effects, 
imported  electrostatic  and  magnetostatic  field  data  and 
misalignment. 

To  be  able  to  meet  the  target  efficiency  of  over  50  % 
and  a  pulse  length  of  100  ms,  a  beam  and  energy  recovery 
system  is  crucial.  The  GPT  code  has  been  used  to  design 
this  system  and  investigate  the  effects  of  an  off-axis 
bending  scheme.  In  this  paper  we  will  present  simulation 
results  for  the  FEM  depressed  collector. 


Table  A:  Principal  design  parameters  of  the  Fusion  FEM 


Parameter 

Value 

Electron  beam  current 

12  A 

Electron  beam  energy 

1.35-2  MeV 

Pulse  length 

100  ms 

Microwave  frequency 

130-260  GHz 

Microwave  net  power 

1  MW 

Target  system  efficiency 

>50% 

Target  current  losses 

<  20  mA 

Linear  gain  per  pass 

7-10 

Gain  at  saturation 

3.5 

Waveguide  parameters 

HE,,  in  15  x  20  mm2 

Undulator  period 

40  mm 

First  undulator  section 

20  periods  with  0.20  T 

Second  undulator  section 

14  periods  with  0. 16  T 

2  BEAM  AND  ENERGY  RECOVERY 

The  beam  and  energy  recovery  system  of  the  Fusion  FEM 
consists  of  an  electrostatic  decelerator,  a  transport  line  and 
a  depressed  collector.  GPT  simulations  have  shown  that 
the  EM-wave  interaction  in  the  undulator  results  in  a 
maximum  energy  spread  of  300  keV  behind  the 
decelerator.  For  this  energy  distribution  a  depressed 
collector  with  three  electrodes  will  suffice  to  obtain  the 
required  efficiency. 
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Figure  1:  FEM  beam  line. 
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trajectories.  Both  primary  and  scattered  particles  are 
shown. 

As  shown  in  Figure  2,  in  the  depressed  collector  the 
electrons  are  collected  on  the  backside  of  the  electrodes. 
This  assures  secondary  electrons  to  fall  back  on  the 
electrodes.  Scattered  electrons,  however,  have  an  energy 
close  to  the  initial  energy  and  can  cause  back  streaming 
via  multiple  scattering.  As  all  beam  loss  and  back 
streaming  current  has  to  be  delivered  by  the  2  MV  power 
supply,  which  can  deliver  only  20  mA,  at  least  99.8  %  of 
the  beam  needs  to  be  collected.  Furthermore,  back 
streaming  could  damage  the  machine. 

To  decrease  back  streaming,  an  off-axis  deflection 
system  is  being  installed.  It  consists  of  four  solenoids 
generating  a  rotating  perpendicular  magnetic  field.  The 
coils  are  mounted  directiy  on  the  surface  of  the  collector 
housing  to  increase  the  effective  area,  resulting  in  a  bent 
elliptical  shape. 

The  deflection  system  causes  an  angle  dependency  for 
the  current  distribution  on  the  collector  electrodes,  shown 
as  an  example  in  Figure  3.  Only  the  top-bottom  coils  are 
powered,  but  the  beam  is  pushed  vertically  due  to  the  tail 


field  of  S13. 


Figure  3:  Simulation  results  for  the  current  dissipation  on 
the  second  collector  plate.  The  plots  represent  0,  0.5,  1.0, 
1.5  and  2.0  mT  in  the  deflection  system. 


through  complex  electromagnetic  fields  taking  all  3D 
effects  and  space-charge  forces  into  account.  A  S*  order 
embedded  Runge-Kutta  integrator  with  adaptive  stepsize 
control  produces  highly  accurate  and  reliable  results, 
while  the  simulation  time  is  kept  to  a  minimum. 

The  fields  of  physical  structures  are  represented  by  so 
called  elements.  GPT  comes  with  a  large  set  of  standard 
elements  for  basic  structures  such  as  solenoids, 
quadruples  and  accelerating  structures.  However,  for 
specific  cases  custom  elements  can  easily  be  added. 
Elements  can  be  positioned  anywhere  and  in  any  direction 
in  3D  space.  The  effect  of  fringe  fields  can  be  taken  into 
account.  Measured  or  externally  calculated  fields  can  be 
used  in  the  simulation. 

4  SCATTERING  IN  GPT 

Specifically  for  the  FEM  project,  scattering  of  electron 
trajectories  at  3D-boundaries  was  introduced  in  GPT.  It 
makes  use  of  a  user-defined  scattering  model  as  function 
of  material.  A  combination  of  3D  ray-tracing  techniques 
and  Monte-Carlo  statistics  is  used  to  accurately  model  the 
scattered  primary  particles  inside  the  collector. 

4.1  Monte-Carlo  approach 

When  a  macro-particle  trajectory  intersects  a  surface 
during  the  simulation,  the  intersection  point,  energy  and 
angle  of  incidence  are  calculated.  Then,  the  incident 
particle  is  removed  from  the  simulation  and  a  new  macro¬ 
particle  is  emitted.  The  deflection  angle  and  reflection 
energy  are  chosen  randomly,  but  following  a  prescribed 
function  depending  on  the  material  of  the  boundary  [5]. 
The  overall  scattering  probability  is  accounted  for  by 
varying  the  number  of  electrons  which  the  new  scattered 
macro-particle  represents. 

4.2  Charge  and  energy  dissipation 

The  total  charge  dissipated  per  incident  macro-particle  is 
given  by: 

Qin-Qou,  =(l(Nb,-Nout) 

where  N.m  and  NM  represent  the  number  of  incoming  and 
outgoing  electrons  which  the  macro-particles  represent.  If 
all  incident  electrons  have  the  same  energy,  there  is  a 
close  to  linear  correlation  between  dissipated  charge  and 
dissipated  energy.  However,  GPT  uses  the  general 
relativistic  equation  to  be  able  to  investigate  non-linear 
effects: 

Ein  ~  Eom  =  Nin  (Y*  ~  ~  (Y0,„  -  l)htC2 

where  Y  is  the  Lorentz  factor  of  the  electrons. 


3  GPT 

The  General  Particle  Tracer  (GPT)  [3,4]  is  a  software 
package  developed  to  aid  in  the  design  of  accelerators  and 
beam  lines  by  using  modem,  particle  tracking  techniques. 
GPT  is  capable  of  tracking  any  number  of  particles 


4.3  Analysis 

When  a  particle  hits  a  surface,  the  dissipated  charge  and 
energy  is  recorded  together  with  the  intersection  point.  To 
ease  the  interpretation  of  the  results,  the  3D  coordinates 
are  “unrolled”  along  the  collector  plate.  The  first 
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coordinate  is  the  distance  along  the  collector  plate 
boundary,  starting  from  an  arbitrary  point.  For  the  second 
FEM  collector  plate,  this  point  is  marked  “A”  in  Figure  2. 
The  second  coordinate  is  the  azimuthal  angle.  After  this 
transformation,  inverse  mapping  in  ray-tracing  terms,  the 
results  can  be  presented  as  2D-density  plots,  a  standard 
feature  of  GPTwin. 


5  SIMULATION  RESULTS 


Using  the  scattering  model  of  GPT,  we  have  looked  in 
detail  at  the  effect  of  the  deflection  system  on  the  current 
and  power  dissipation.  Furthermore  the  amount  of  current 
flowing  back  from  the  collector  towards  the  cathode  was 
studied. 


To  illustrate  the  effect  of  the  bending  system,  we  show 
results  for  the  second  electrode  of  the  collector.  This  plate 
receives  the  most  current.  Figure  4  shows  typical  GPT 
output  for  the  power  dissipation.  The  B,  C,  D  and  E 
markers  correspond  to  the  positions  indicated  in  Figure  2. 
Without  the  bending  system  the  electrons  are  distributed 
homogeneously  over  the  plate,  while  with  the  deflection 
system  a  strong  angle  dependence  can  be  seen. 
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Figure  4:  Power  distribution  as  function  of  unrolled 


position  and  phase  on  second  collector  plate  without  (top) 


and  with  1.5  mT  bending  field  (bottom). 


Because  the  FEM  deflection  system  rotates,  the  angle 
dependence  is  smoothed.  This  results  in  averaging  the 
current  and  power  dissipation  over  the  phase  along  the 
unrolled  collector  coordinate.  Figure  5  shows  the 
corresponding  GPT  output  for  the  second  collector  plate. 
Without  the  bending  system  there  is  a  nearly  uniform 
distribution  over  the  surface  of  the  electrode.  With  the 
deflection  system  the  beam  is  bent  into  the  collector  and 
the  electrons  hit  the  plate  at  a  larger  radius.  This 
information  is  important  for  the  design  of  the  cooling 
system,  which  will  be  installed  to  further  increase  the 
pulse-length.  Although  the  local  intensity  peak  is  very 
high  with  the  bending  system  on,  when  the  peak  is 
smoothed  over  all  angles  the  maximum  value  is  not  higher 
than  with  the  uniform  angle  dependency. 


Figure  5:  Power  distribution  as  function  of  unrolled 
collector  position  without  (top)  and  with  1.5  mT  bending 
field  (bottom). 


The  most  important  effect  of  the  collector  bending 
system  is  that  it  lowers  the  current  flowing  back  from  the 
collector  towards  the  cathode.  As  shown  in  Figure  6,  the 
deflection  system  decreases  the  return  current  from 
100  mA  to  below  a  tolerable  10  mA.  Therefore  the 
deflection  system  is  necessary  to  achieve  the  design 
efficiency. 

The  total  power  dissipation,  summed  over  all  collector 
plates,  also  decreases.  Because  the  beam  is  actively  bent 
into  the  collector,  more  particles  hit  the  second  plate  that 
would  otherwise  have  been  collected  on  the  first  plate. 
This  slightly  decreases  the  total  dissipated  power  at  the 
cost  of  an  asymmetric  current  load  on  the  collector  plates. 
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Strength  of  deflection  field  [mT] 

Figure  6:  Total  power  dissipation  and  return  current  as 


function  of  bend  strength. 


6  CONCLUSION 

The  new  scattering  model  in  the  GPT  code  has  been  used 
to  investigate  the  effects  of  the  off-axis  deflection  system 
for  the  FEM  depressed  collector.  The  return  current  is 
reduced  to  within  the  design  specifications  and  the  total 
dissipated  power  is  reduced  without  affecting  the 
maximum  power  dissipation  on  the  collector  plates. 
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BUNCH  COMPRESSOR  AND  DE-COMPRESSOR 
IN  THE  FEL  FOR  SATELLITE  POWER  BEAMING 


Abstract 


W.  Wan.  FNAL,  Batavia,  IL  and  A.  Zholents,  LBNL,  Berkeley,  CA 
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A  FEL  of  average  power  200  kW  is  being  designed  at  the 
LBNL  for  satellite  power  beaming[l,  2].  It  utilizes  the  ra¬ 
diation  of  ~100  MeV  electrons  with  —200  A  peak  current. 
In  order  to  obtain  the  desired  peak  current,  the  5mm  long 
electron  bunches  delivered  by  a  linear  accelerator  are  com¬ 
pressed  to  1mm.  Furthermore,  it  is  important  for  the  FEL 
operations  that  the  compressed  bunches  have  a  uniform  lon¬ 
gitudinal  density  distribution  over  the  entire  bunch  length. 
After  the  FEL,  the  electron  beam  is  returned  to  the  linear 
accelerator  for  deceleration.  Since  the  electron  beam  ac¬ 
quires  approximately  6%  energy  spread  during  radiation  in 
the  FEL,  bunch  de-compressor  is  used  between  the  FEL  and 
the  linac  to  expand  the  electron  bunches  back  to  its  origi¬ 
nal  length  and  to  reduce  the  energy  spread.  In  this  paper  we 
present  design  and  analysis  of  the  bunch  compressor  and  the 
bunch  de-compressor  that  perform  needed  functions. 
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Figure  1 :  The  longitudinal  distribution  of  electron  peak  cur¬ 
rent  at  the  end  of  the  RF  photoinjector.  Point  to  point  fluc¬ 
tuations  on  the  plot  are  due  to  limited  statistics  in  the  simu¬ 
lation. 


1  INTRODUCTION 

This  work  is  part  of  a  broader  study  aiming  at  the  design  of 
a  FEL  for  satellite  power  beaming  [1].  At  present  a  FEL  of 
average  power 200 kW  at  the  wavelength  of 840  nm  is  being 
designed  at  the  LBNL  [2, 3].  The  FEL  utilizes  a -100  MeV 
electron  beam  with  the  average  beam  power  of  —10  MW 
provided  by  a  RF  photoinjector  and  a  linear  accelerator. 
The  design  assumes  a  low  beam  peak  current  in  the  injec¬ 
tor  and  the  linear  accelerator  and  a  high  beam  peak  current 
in  the  FEL.  A  compression  of  electron  bunches  is  needed 
between  the  linear  accelerator  and  the  FEL.  The  goal  of  the 
compression  is  not  only  a  short  bunch  in  the  FEL,  but  also  a 
bunch  that  has  a  uniform  longitudinal  electron  density  pro¬ 
file  over  most  of  the  bunch  length.  The  former  helps  to  im¬ 
prove  the  efficiency  of  the  energy  transfer  from  electrons 
to  light;  the  latter  helps  to  minimize  the  energy  spread  of 
electrons  after  the  radiation.  This  is  important  because  the 
FEL  design  assumes  that  the  electrons  are  decelerated  in 
the  linear  accelerator  to  below  12  MeV  before  they  are  sent 
to  the  dump,  which  is  employed  for  energy  recuperation  in 
the  linac  and  the  elimination  of  induced  radioactivity  in  the 
dump.  Therefore,  too  large  energy  spread  of  the  electrons 
will  hamper  the  deceleration  process. 

In  the  process  of  the  radiation  in  the  FEL  the  electrons 
lose  about  2%  of  their  energy  and  acquire  roughly  an  en¬ 
ergy  spread  of  6%.  Bunch  de-compressor  uses  this  energy 
spread  to  disperse  the  compressed  electron  bunch  back  to 
its  original  length.  It  also  creates  a  correlation  between  en¬ 
ergy  of  electrons  and  their  position  along  the  bunch,  which 

*  Work  supported  by  DOE  under  Contracts  DE-AC03-76SP00098  and 
DE-FG03-95ER40926. 


is  used  to  reduce  energy  spread  of  electrons  at  the  end  of  the 
deceleration. 


2  BUNCH  COMPRESSOR  AND 
DE-COMPRESSOR 

The  design  requirement  for  a  bunch  compressor  is  a  reduc¬ 
tion  of  the  electron  bunch  length  from  approximately  5  mm 
at  the  end  of  the  linear  accelerator  to  1  mm  at  the  beginning 
of  the  FEL.  This  will  raise  the  electron  peak  current  in  the 
FEL  up  to  more  than  200  A. 

At  this  point  we  assume  that  an  electron  bunch  leaving 
the  RF  photoinjector  has  a  normalized  longitudinal  emit- 
tance  of  6  cm  and  a  uniform  longitudinal  distribution,  as 
shown  in  Fig.  1  (This  distribution  is  considered  in  a  design 
of  the  RF  photocathode  gun).  We  begin  bunch  compression 
by  creating  energy  shift  of  the  electrons  correlated  with  the 
electron  position  along  the  bunch.  This  is  accomplished  by 
accelerating  the  electron  bunches  in  the  linac  at  a  - 1 3°  phase 
off  the  peak  accelerating  field.  Ideally,  we  want  to  produce 
a  linear  dependence  of  the  electron  energy  shifts  on  the  lon¬ 
gitudinal  coordinates  of  the  electrons  relative  to  the  bunch 
center.  But,  it  is  impossible  because  the  acceleration  takes 
place  in  a  sinusoidal  RF  field  and,  together  with  the  linear 
term,  it  inevitably  produces  nonlinear  terms.  However,  one 
can  use  the  actual  dependency  of  the  electron  energy  shift 
on  the  longitudinal  coordinates  and  derive  a  required  path- 
length  difference  as  a  function  of  electron  energy.  Usually, 
the  first  three  terms  are  sufficient  for  an  accurate  descrip- 
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Figure  3:  The  longitudinal  distribution  of  electron  peak  cur¬ 
rent  after  bunch  compression:  a)  without  errors,  b)  with  er¬ 
rors.  Point  to  point  fluctuations  on  the  plot  are  due  to  limited 
statistics  in  simulations. 

tion.  In  our  case  they  turn  out  to  be: 

A  E  /A  E\2  /A  E\3 

5L  =  -  0.514— -  3.88  -  177  (1) 

where  all  coefficients  on  the  right  hand  side  of  the  equation 
have  a  dimension  expressed  in  meters.  Now,  this  function 
can  be  programmed  into  the  performance  of  the  bunch  com¬ 
pressor  to  produce  the  uniform  longitudinal  distribution  at 
the  exit.  This  is  to  force  all  electrons  to  radiate  in  the  iden¬ 
tical  conditions  in  the  FEL  and,  therefore,  to  minimize  the 
energy  spread  produced  in  the  process  of  the  radiation. 

In  this  design  we  incorporated  the  bunch  compressor  into 
a  magnetic  arc  performing  a  180°  beam  turn  from  the  end 
of  the  linear  accelerator  to  the  FEL.  Its  layout  is  shown  in 
Fig.  2.  The  arc’s  lattice  consists  from  two  identical  cells  and 
resembles  a  second-order  achromat.  Each  cell  has  2  bend¬ 
ing  magnets,  8  quadrupoles  and  4  sextupoles.  The  strengths 
of  all  quadrupoles  and  sextupoles  are  chosen  to  provide  a 
smooth  beam  focusing  in  the  arc  and  time-of-flight  lattice 
terms  defined  by  Eq.  1.  Care  was  given  to  the  choice  of  lin¬ 
ear  optics  to  minimize  the  strengths  of  the  sextupoles.  As  a 
result,  the  magnetic  field  of  the  sextupoles  at  the  pole  tip  is 
well  below  1  kG  (assuming  5  cm  radius  of  the  beam  pipe). 

To  test  the  lattice  we  did  particle  ray  tracing  using  COSY 
INFINITY  [4],  We  assumed  8  mm-mrad  for  normalized 
vertical  and  horizontal  beam  emittance.  The  result  of  sim¬ 
ulation  without  lattice  errors  is  shown  in  Figure  3.  Here 
one  can  see  the  longitudinal  distribution  of  the  electron  peak 
current  after  bunch  compression.  One  can  see  that  the  final 
distribution  has  a  flat  top  extended  almost  over  the  entire 


Static  errors 

Setting  errors 

Tilt  errors  (mrad) 
Misalignment  errors 
in  x,  (n m) 
in  y,  (Atm) 
in  z,  (mm) 

Multipole  errors 

dipoles 

quadrupoles 

=  1  x  Hr3 
ct(  Atp)  =  0.2 

cr(Ax)  =  150 
er(A  y)  =  30 
cr(Az)  =  1 

u(|a.)  =  1  x  10~4  atr  =  3cm  6) 
<7(|i)  =  5xl0-4atr  =  5cm  6> 

a'  bi,  62  and  63  are  the  dipole,  quadrupole 


and  sextupole  components  of  the  magnetic  field 
^  the  same  for  quadrupoles  and  sextupoles 

Table  1:  Specification  of  the  errors 


too 


-6  -5  -4  -3  -2-1  12 


z,  mm 

Figure  4:  The  longitudinal  distribution  of  electron  peak  cur¬ 
rent  after  bunch  compression  with  no  errors  and  sextupoles 
and  octupoles  turned  off. 

bunch  length  even  with  all  errors  being  included  in  simu¬ 
lation.  Then  we  applied  all  kinds  of  lattice  errors  like  mis¬ 
alignment  errors,  tilt  errors,  setting  errors  listed  in  Table  1 
and  use  two  families  of  quadrupoles  to  offset  the  linear  per¬ 
turbations  to  the  lattice  due  to  the  setting  errors.  We  assume 
that  similar  knobs  will  be  used  with  an  actual  beam  for  an 
initial  tuning  of  the  lattice.  Then  we  did  particle  ray  tracing 
again.  A  typical  result  of  a  simulation  for  one  seed  of  er¬ 
rors  is  shown  in  Fig.  3.  Obviously,  errors  have  little  effect 
on  the  performance  of  the  bunch  compressor.  To  demon¬ 
strate  the  importance  of  the  sextupole  corrections  we  show 
the  result  of  similar  particle  ray  tracing  for  a  case  when  all 
sextupoles  are  set  to  zero  in  Fig.  4.  It  is  clear  in  this  case 
that  sextupoles  play  a  crucial  role  in  producing  the  desired 
beam  profile.  In  fact,  with  sextupoles  off,  the  term  T566, 
following  the  TRANSPORT  notation,  is  about  135  m,  re¬ 
sponsible  for  3.4  mm  bunch  lengthening  of  a  beam  with  en¬ 
ergy  spread  of  ±0.5%.  Since  the  present  solution  with  sex¬ 
tupoles  turned  on  works  well  for  our  purpose,  no  extra  ef¬ 
fort  was  devoted  to  optimize  the  first-order  layout  t'- '  rther 
minimize  the  second-order  aberrations. 
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Figure  5:  The  longitudinal  distribution  of  electron  peak  cur¬ 
rent  and  energy  distribution  of  the  spent  beam  at  the  end  of 
the  linac. 

2.1  BUNCH  DE-COMPRESSOR 

The  function  of  the  bunch  de-compressor  is  the  reverse 
of  the  bunch  compressor.  It  takes  the  compressed  elec¬ 
tron  bunch  with  large  energy  spread  acquired  in  the  FEL 
and  uses  this  energy  spread  to  disperse  electrons.  For  this 
purpose  we  use  the  second  180°  arc  to  return  electrons  to 
the  linear  accelerator.  Physically  this  arc  is  similar  to  the 
first  arc,  but  quadruples  and  sextupoles  are  set  to  differ¬ 
ent  strengths.  The  de-compressor  creates  the  correlation 
desired  between  electron  position  in  the  bunch  and  its  en¬ 
ergy.  This  correlation  is  used  in  the  linac  for  a  partial  com¬ 
pensation  of  the  beam  energy  spread.  This  is  accomplished 
by  decelerating  the  electron  bunches  in  the  linac  at  a  13° 
phase  off  the  peak  accelerating  field.  A  result  of  the  de¬ 
compression  of  the  electron  bunch  and  deceleration  in  the 
linac  is  shown  in  Fig.  5.  Here  we  present  a  distribution  of 
the  electron  peak  current  and  a  distribution  of  the  electron 
energy  in  the  bunch  of  spent  electrons  at  the  end  of  the  linac. 

One  can  see  that  at  the  end  of  the  deceleration  the  total 
energy  spread  of  the  electrons  is  roughly  2.5  MeV,  while  at 
the  beginning  of  the  deceleration  it  is  about  5  MeV  as  shown 
in  Figure  5. 


3  CONCLUSION 

The  study  presented  in  this  report  shows  that  the  carefully 
designed  bunch  compressor  and  de-compressor  meet  the  re¬ 
quirement  of  the  FEL  for  power  beaming  and  thus  enhance 
its  efficiency. 
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Abstract 


The  Duke  storage  ring  is  a  facility  dedicated  for  the  deep 
UV  free  electron  laser  (FEL)  development  [1].  It  is 
especially  designed  for  the  high  peak  power  applications, 
having  a  long  optical  cavity  and  large  energy  acceptance. 
In  this  paper  we  describe  FEL  gain  modulator  and  optical 
cavity  control  system,  which  are  essential  for  obtaining 
maximal  peak  power. 

1  INTRODUCTION 


Performance  of  the  Duke  storage  ring  and  OK-4/Duke 
FEL  [2]  is  shown  in  Table  1.  The  reflectivity  of  mirrors 
is  very  essential  to  the  storage  ring  FELs,  but  even 
perfect  mirrors  do  not  ensure  lasing  if  the  entire  optical 
system  is  poorly  aligned  or  mechanically  unstable. 

Table  1 :  Duke  Storage  Ring  and 

OK-4/Duke  FEL  Parameters 


Operational  Energy  [GeV] 

Circumference  [m]  107.46 

Impedance  of  ring,  Z/n,  [Q]  2.75 

Stored  current  [mA] 

multibunch  155 

single  bunch  20 

Bunchlength  [ps] 

natural  15 

with  5  mA  in  single  bunch 
Relative  Energy  spread,  8E/E 

natural  0.9x1  O'4 

at  5mA  in  single  bunch  1 . 1  x  1  O'3 
Peak  Current  [A] 

with  5  mA/bunch  12 

with  20  mA/bunch  31 
Horizontal  emittance  [nm  rad] 

5  mA/bunch  @700  MeV  <10 
3  mA/bunch  @500  MeV 
Demonstrated  FEL  tunability  [nm]  217-600 


0.25-1.1 


60 


<8 


2  MIRROR  FEEDBACK  SYSTEM 


To  reduce  power  density  and  rate  of  degradation  of  a 
downstream  mirror  the  Duke  storage  ring  FEL  has  a  very 
long  optical  cavity,  which  length  is  equal  to  the  half  of 
the  ring  circumference  (53.7  m).  To  optimize  the  FEL 
gain  the  optical  cavity  has  rather  small  Rayleigh  range  of 
3.3  m.  Due  to  significant  mismatch  between  Rayleigh 


range  and  the  cavity  length  the  OK-4/Duke  FEL  is 
especially  susceptible  to  mirrors'  vibrations  and 
misalignments. 

The  3  feet  concrete  slab  with  pillars  going  down  to  the 
bedrock  provides  stable  and  sturdy  environment  for  the 
Duke  storage  ring  and  circulating  electron  beam.  But  the 
optical  tables  used  for  support  of  the  mirror  mounts  are 
placed  on  the  regular  floor  and,  therefore,  are  prone  to 
ambient  vibrations.  The  tests  showed  that  even  changing 
of  a  static  load  on  the  optical  table  or  to  the  floor  nearby 
causes  unacceptable  changes  of  the  mirror  position.  That 
is  why  an  active  feedback  system  for  stabilizing  mirrors, 
shown  in  the  Fig.  1  was  implemented. 

asrfdorxlirtr 


Figure  1 :  Active  mirror  feedback  system 


For  this  purpose  two  posts  were  installed  inside  the 
ring  room,  and  reference  semiconductor  lasers  and 
position  sensitive  detectors  were  mounted  on  the  posts. 
The  auxiliary  concave  mirror  firmly  attached  to  the 
optical  cavity  mirror  mount  reflects  laser  light.  Tilt  angle 
of  the  cavity  mirror  is  measured  by  a  position  sensitive 
detector,  which  provides  voltages  proportional  to  the 
displacement  of  the  light  spot  from  the  detector's  center. 
The  voltages  from  two  digital-to-analog  converters 
(DAC)  set  the  desired  tilt  of  the  optical  cavity  mirror.  The 
difference  between  the  DAC  voltage  and  detector  voltage 
is  used  as  an  error  signal  in  the  feedback  system.  For  the 
fast  response  the  original  stepper  motors  were  replaced 
with  the  piezoelectric  actuators,  while  coarse  adjustment 
of  the  mirrors  positions  is  performed  with  the  help  of 
manual  micrometers. 

From  the  optical  mount  inertia  and  piezoactuator 
stiffness  the  estimated  cut-off  frequency  of  feedback 
system  can  be  up  to  1  kHz.  However,  the  mirror  mount 
itself  has  a  strong  mechanical  resonance  at  100  Hz.  A 
gain-phase  correction  filter  was  implemented  for 
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providing  stability  of  the  closed  loop  system.  After  filter 
installation  we  were  able  to  raise  the  cut-off  frequency  of 
the  feedback  system  up  to  50  Hz  [3].  The  vibrations  with 
higher  frequencies  are  suppressed  with  mechanical 
dampers  incorporated  to  the  optical  table  supports. 

3  GAIN  MODULATOR 

The  equilibrium  between  the  energy  spread  growth, 
induced  by  the  FEL  power,  quantum  noise  excitation  and 
synchrotron  damping  set  the  limit  on  the  average  FEL 
power  [4],  By  modulating  the  optical  cavity  losses  or  the 
FEL  gain,  it  is  possible  to  compress  the  same  level  of 
average  power  into  a  number  of  giant  pulses.  This  mode 
of  operation  is  best  suited  for  the  high  peak  FEL  power 
experiments. 

The  modulation  of  the  optical  cavity  losses  encounters 
a  lot  of  technical  difficulties:  relatively  low  storage  ring 
based  FEL  gain,  high  vacuum  requirements.  However,  a 
modulation  of  the  FEL  gain  by  displacing  the  electron 
beam  from  the  optical  cavity  axis  can  achieve  the  same 
results.  Since  the  electron  beam  has  negligible  inertia,  by 
using  a  set  of  fast  steering  magnets  it  is  possible  to  switch 
on  FEL  instantaneously.  More  practical  approach  is  to 
use  a  single  corrector,  providing  adiabatic  transition  of 
the  electron  beam  to  the  lasing  orbit  (adiabatic  transition 
is  required  to  avoid  the  excitation  the  electron  beam 
oscillations).  The  Duke  storage  ring  has  tune  frequencies 
of  700-900  kHz,  and  this  requires  a  transition  time  of 
tens  of  microseconds. 
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Figure  2:  Gain  modulator 


currents  induced  by  the  electron  beam  and  to  prevent 
eddy  currents  caused  by  the  changing  magnetic  field. 

In  Fig.  3  two  oscilloscope  traces  show  the  gain 
modulator  operation.  The  first  trace  is  the  voltage  from  a 
probe  coil  placed  inside  gain  modulator,  this  voltage  is 
proportional  to  the  first  derivative  of  the  magnetic  field. 
The  second  one  is  integral  of  the  coil  voltage  and  it 
shows  the  changes  of  the  magnetic  field  inside  of  gain 
modulator.  The  time  constant  of  the  gain  modulator  was 
chosen  equal  to  10  microseconds,  what  is  much  greater 
then  betathron  oscillation  period  and  much  less  then  FEL 
optical  power  time  constant. 
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Figure  3:  Signal  from  probe  coil  and  field  integral 


Tests  show  that  displacement  of  electron  beam  inside 
OK-4/Duke  FEL  is  few  millimeters  in  horizontal 
direction  and  less  then  20  microns  in  vertical  direction. 


0  100  200  300  «0  500 
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The  OK-4/Duke  FEL  gain  modulator  comprises  a  fast 
steering  magnet  with  a  ferrite  yoke,  control  electronics, 
and  a  specially  designed  vacuum  chamber  (see  Fig.  2). 
The  vacuum  chamber  allows  fast  changes  of  the  magnetic 
field  and  simultaneously  provides  smooth  transition  for 
the  wake  fields  induced  by  the  electron  beam.  Inside  a 
glass  tube,  coated  with  a  thin  chromium  layer,  a  cage  of 
the  aluminum  rods  is  placed.  The  ends  of  the  aluminum 
rods  are  anodized  to  provide  capacitive  coupling  for  the 


Figure  4:  Giant  pulse 

The  second  trace  is  proportional  to  the  optical  power 
outcoupled  from  the  OK-4/Duke  FEL  and  measured  with 
silicon  photodiode. 

4  CONCLUSION 

Implementation  of  the  optical  cavity  control  system 
allowed  to  demonstrate  stable  lasing  in  the  deep  UV  and 
visible  range  of  the  OK-4/Duke  FEL.  In  future  we  want 
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to  replace  existing  mirror  mounts  for  a  mirror 
"switchyard",  what  will  permit  fast  interchange  of  mirror 
sets  for  various  wavelength  and  increase  of  mirror 
feedback  bandwidth. 

The  gain  modulator  proved  its  essential  role  for 
medical  user  applications  such  as  laser  refractive  surgery 
and  no  future  upgrades  are  expected.  It  will  be  also  used 
for  the  studying  of  PEL  dynamical  behavior. 

Authors  thank  all  the  Duke  PEL  Laboratory  staff  for 
the  efforts,  which  made  successful  operation  of  OK- 
4/Duke  PEL  possible. 
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Abstract 

The  Accelerator  Test  Facility  (ATF)  at  Brookhaven 
National  Laboratory  (BNL)  is  an  accelerator  and  beam 
physics  user  facility  capable  of  producing  a  high¬ 
brightness,  70-MeV  electron  beam.  Currently,  a  high- 
gain  harmonic  generation  (HGHG)  free-electron  laser 
(FEL)  experiment  is  underway  at  the  ATF.  This  is  a 
collaborative  effort  between  BNL  and  the  Advanced 
Photon  Source  (APS).  The  experiment  consists  of  two 
phases:  1)  self-amplified  spontaneous  emission  (SASE) 
and  2)  HGHG.  Here,  a  brief  introduction  to  the  HGHG 
theory,  measurements  in  the  SASE  phase,  the  recent 
modifications  in  preparation  for  the  HGHG  phase,  and 
future  plans  will  be  discussed. 

1  INTRODUCTION 

A  free-electron  laser  (FEL)  experiment  is  being 
commissioned  at  the  Brookhaven  National  Laboratory 
(BNL)  Accelerator  Test  Facility  (ATF).  There  are  two 
distinct  project  phases.  In  the  first  phase,  the  system  will 
be  operated  in  the  self-amplified  spontaneous  emission 
(SASE)  [1]  mode.  In  the  second  phase,  high-gain 
harmonic  generation  (HGHG)  to  full  saturation  at  5.3  pm 
will  be  attempted  [2],  Here,  a  brief  description  of  the 
HGHG  theory,  the  experimental  design  parameters  and 
layout,  and  future  plans  will  be  discussed. 

2  HGHG  THEORY 

In  a  SASE  FEL,  the  spontaneous  emission  “noise”  serves 
to  ignite  the  FEL  bunching  process,  resulting  in  a  noisy 
output.  In  seeded  FEL  operation,  the  output  quality  is 
directly  related  to  the  quality  of  the  seed.  Also,  the  point 
of  saturation  along  the  undulator  reveals  the  maximum 
available  power  and  should  occur  in  the  shortest 
distance,  for  practical  design  purposes.  From  the  linear 
theory,  a  high  peak  current,  low  emittance,  and  low 
energy-spread  electron  beam  is  required,  as  well  as  a 
properly  shimmed  undulator,  to  reduce  magnetic  error 
effects  on  the  electron  beam  trajectory.  To  reach  shorter 
wavelengths  in  these  modes  of  operation,  however, 
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requires  even  higher  currents,  while  maintaining  this  low 
energy  spread  and  emittance  at  increasingly  higher 
energies  to  produce  a  sufficiently  short  gain  length  and, 
in  turn,  saturation  point. 

Another  possible  mode  of  FEL  operation  capable  of 
providing  a  very  desirable  output  light  beam  is  HGHG. 
Here,  a  coherent  radiation  source,  at  a  subharmonic  of 
the  desired  output  radiation  wavelength,  enters  a  first 
undulator  for  energy  modulation.  Following  this 
modulation,  where  the  electron  beam  is  forced  to  be 
resonant  with  the  seed  radiation,  a  dispersive  section  is 
traversed,  where  spatial  bunching  is  induced  with  a 
strong  higher  harmonic  content.  The  beam  then  enters  a 
second  undulator,  the  radiative  section,  tuned  to 
resonance  to  the  desired  harmonic.  (In  this  particular 
experiment,  the  second  harmonic  is  of  interest.) 
Coherent  radiation  and  ultimately  saturation  at  this 
higher  harmonic  is  then  achieved  within  a  reasonable 
number  of  undulator  periods  and  with  an  excellent  beam 
quality,  as  compared  to  the  SASE  process.  Recall  that 
this  better  beam  quality  is  defined  by  the  coherent  seed 
source.  This  method  could  quite  possibly  be  extended  to 
higher  energies,  where  the  radiator  is  tuned  to  a  much 
higher  harmonic,  to  achieve  saturation  in  the  UV,  VUV, 
or  x-ray  regime.  A  schematic  of  the  HGHG  process  is 
provided  in  Figure  1 . 


Dispersive 


Figure  1 :  HGHG  process 

The  existing  ATF  photocathode  rf  gun,  linac,  and 
coherent  seed  radiation  source,  a  C02  laser,  define  the 
electron  and  seed  beam  parameter  base  found  in  Tables  1 
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and  2,  respectively  [3].  The  value  of  the  energy  was 
specifically  tailored  to  achieve  the  PEL  resonance 
condition  with  an  existing  radiative  section,  supplied  by 
the  Advanced  Photon  Source  (APS).  The  modulative 
section  and  dispersive  sections  for  HGHG  operation 
were  designed,  manufactured,  and  measured  by  BNL. 
These  magnet  parameters  are  found  in  Table  3. 

Table  1 :  Designed  electron  beam  parameters  for  HGHG 


Y 

82 

Normalized  Emittance 

4  Jt  mm  mrad 

Peak  Current 

110  A 

Micropulse  Length 

4  ps 

Energy  Spread 

0.043% 

Table  2:  C02  seed  laser  beam  parameters 


Wavelength 

10.6  pm 

Input  Seed  Power 

0.7  MW 

Pulse  Length 

100  ns 

Sliced  Pulse  Length 

10-100  ps 

Rayleigh  Range 

0.76  m 

Table  3:  Magnet  parameters 


Modulative  Section 

Length 

0.76  m 

Undulator  Period 

7.2  cm 

Number  of  Periods 

9 

Peak  Magnetic  Field 

0.158  T 

Dispersive  Section 

Length 

0.30  m 

Magnetic  Field 

0.5  T 

Induced  Dispersion 

1.5  (dv/dy) 

Radiative  Section 

Length 

1.98  m 

Undulator  Period 

3.3  cm 

Number  of  Periods 

60 

Peak  Magnetic  Field 

0.47  T 

Betatron  Wavelength 

3.75  m 

Experimental  results  for  the  SASE  and  HGHG  modes 
of  operation  were  predicted  with  the  ID  analytical 
models  and  TDA3D  simulations  [4],  in  which  a  waterbag 
distribution  was  employed.  In  HGHG  simulations,  the 
electromagnetic  field  variation  at  the  exit  of  the 
modulative  section  is  mapped  into  an  in-house  code  that 
tracks  the  particles  through  three  horizontal  corrector 
magnets  (the  dispersive  section).  This  output  is  then 
mapped  back  into  TDA3D  with  only  one  variation 
imposed  in  the  code  -  that  the  integration  over  the  phase 
bucket  is  opened  to  2  n  instead  of  7t,  since  the  interest  is 
shifted  to  the  second  harmonic.  These  modifications 


must  be  implemented,  since  TDA3D  is  monochromatic 
and  cannot  simulate  multiple  harmonics  simultaneously. 

Based  on  these  TDA3D  simulations  and  power 
spectrum  scaling  [5],  the  expected  SASE  output  power 
spectrum  at  5.3  pm  is  found  to  be  15  times  larger  than 
the  spontaneous  emission.  The  HGHG  simulations 
predict  a  saturation  power  at  5.3  pm  of  37  MW  after  1.8 
m. 

3  EXPERIMENTAL  LAYOUT 

The  drive-laser  system  for  the  ATF  photocathode  gun  is 
composed  of  a  diode-pumped  Nd:YAG  oscillator 
coupled  to  a  Nd:YAG  amplifier.  The  amplifier  is  capable 
of  delivering  40  pJ  to  the  magnesium  cathode.  The  1 .6- 
cell  2856-MHz  photocathode  rf  gun  and  emittance 
compensation  solenoid  produce  the  high  current,  low 
emittance,  and  low  energy  spread  beam  necessary,  with 
beam  energies  exceeding  5  MeV.  The  solenoid  corrects 
the  emittance  before  it  is  “frozen”  in  the  linac.  The  ATF 
linac  is  composed  of  two  3-m  accelerating  structures, 
yielding  up  to  70-MeV  electrons.  After  the  linac  exit, 
beam  is  transferred  to  an  experimental  area,  where  the 
modulative,  dispersive,  and  radiative  sections,  as  well  as 
the  optical  diagnostics,  exist. 

4  SYSTEM  COMMISSIONING 

The  optical  diagnostics  line  is  composed  of  exit 
windows,  point-to-point  optics,  a  scanning  spectrometer, 
and  a  point  detector.  Also,  five  YAG  crystal  screens  are 
mounted  on  actuators  inside  the  radiative  section  to 
determine  the  electron  trajectory  in  reference  to  a 
surveyed  He-Ne  alignment  laser.  A  straight  electron 
beam  trajectory  is  important  in  both  phases  of  operation, 
since  simulations  reveal  a  trajectory  tolerance  of  <  100 
pm.  Full  detail  of  the  electron  beam  diagnostics  and 
trajectory  correction  procedure  are  described  separately 
in  these  proceedings  [6]. 

Since  the  electron  beam  quality  almost  singly  defines 
the  resulting  output  spontaneous  and  SASE  radiation, 
electron  beam  measurements  are  required  relative  to  the 
radiation  signal.  The  electron  beam  measurements  can 
then  be  used  along  with  the  linear  theory  and  simulation 
to  compare  the  results  against  theory.  Necessary  electron 
beam  measurements  include  the  longitudinal  current 
distribution,  emittance,  and  energy  spread. 

The  electron  beam  bunch  length  and  corresponding 
charge  distribution  are  measured  by  varying  the  rf  phase 
of  the  second  linac  section  to  induce  a  linear  dependence 
of  the  particle  energy  on  longitudinal  position.  A 
collimating  slit  in  a  dispersive  region  behaves  as  an 
energy  filter,  passing  a  narrow  slice  in  time  [7],  where  a 
Faraday  cup  reveals  the  transmitted  charge.  In  Figure  2, 
a  measured  longitudinal  bunch  shape  with  a  charge  of 
1.1  nC  is  shown.  The  normalized  emittance,  as  measured 
by  a  quadrupole  magnet  scan,  was  determined  to  be  5 
mm-mrad. 
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Longitudinal  bunch  shape 


Figure  2:  Longitudinal  bunch  shape  for  1.1  nC 


For  the  electron  beam  described  above,  a  scan  of 
output  radiation  intensity  versus  bunch  charge  was 
performed,  by  adjusting  the  width  of  the  momentum  slit 
to  gradually  reduce  the  charge.  The  result  is  presented  in 
Figures  3  and  4,  where  the  radiation  signal  and  ratio 
SASE  over  spontaneous  radiation  are  shown  as  functions 
of  the  bunch  charge,  respectively.  The  exponential  rise 
above  spontaneous  points  toward  the  existence  of  SASE 
output  radiation.  In  Figure  4,  the  ratio  of  SASE  radiation 
power  over  the  spontaneous  emission  approaches  40. 

The  ratio  of  SASE  radiation  over  spontaneous 
radiation  can  be  calculated  analytically  and  compared 
with  experiment.  The  analytical  estimate  for  start-up 
noise  is  based  on  a  three-dimensional  linear  theory  for  an 
electron  beam  with  step-function  profile,  zero  energy 
spread,  and  zero  angular  spread.  This  idealized  model  for 
start-up  noise  can  be  used  because  the  betatron  motion  is 
negligible  during  the  start-up  process.  The  output  power 
of  the  SASE  radiation  is  given  by 


Signal  vs  charge  scan 
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Figure  3:  Signal  versus  charge 


Ratio  SASE  over  SDontaneous 
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Figure  4:  The  ratio  of  SASE  over  spontaneous  radiation 
versus  charge 

6  CONCLUSIONS  AND  FUTURE  PLANS 

The  ATF  at  BNL  is  currently  commissioning  a  two- 
phase  FEL  project.  The  SASE  phase  is  nearly  complete 
and  the  HGHG  phase  is  scheduled  to  begin  over  the  next 
few  months. 
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where  Lm  and  Lc  are  the  wiggler  and  power  gain  lengths, 
respectively  [1].  The  calculation  of  the  gain  length  and 
SASE  ratio  were  performed  for  different  sections  of  the 
electron  beam  based  upon  the  measured  bunch  shape 
shown  in  Figure  2.  This  results  is  an  estimated  ratio  of 
the  SASE  over  the  spontaneous  radiation  of  25. 
Considering  the  random  SASE  fluctuations  that  may 
have  occurred  and  influenced  each  recorded  radiation 
measurement  during  the  charge  scan,  this  estimate 
corresponds  surprisingly  well  with  the  ratio  in  Figure  4, 
where  the  gain  ratio  approaches  40. 
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Abstract 

We  present  the  design  parameters  of  a  high  gain  harmonic 
generation  (HGHG)  FEL  experiment  to  be  carried  out  at 
the  accelerator  test  facility  (ATF)  at  BNL,  in  collaboration 
with  APS.  This  experiment  is  a  proof-of-principle 
experiment  for  the  DUV-FEL  at  BNL.  In  the  HGHG 
experiment  we  plan  to  double  the  frequency  of  a  C02  seed 
laser  by  utilizing  a  0.76  m  long  9  period  undulator  (named 
the  “Mini  Undulator”),  a  2  m  long  60  period  undulator 
(named  the  “Cornell  Undulator  A”),  and  a  0.3  m 
electromagnet  chicane  (the  dispersive  section).  The  first 
undulator  will  be  used  in  conjunction  with  the  C02  seed 
laser  to  generate  a  ponderomotive  force  that  will  bunch 
the  electron  beam.  The  bunching  will  then  be  enhanced  by 
the  dispersion  section.  The  second  undulator,  the  Cornell 
Undulator  A,  tuned  to  the  second  harmonic  of  the  seed 
laser  will  serve  as  the  radiator.  In  the  beginning  of  the 
radiator  the  bunched  beam  will  produce  coherent  emission 
(characterized  by  a  quadratic  growth  of  the  radiated 
power),  then  the  radiation  will  be  amplified  exponentially. 
We  plan  to  study  the  evolution  of  the  various  radiation 
growth  mechanisms  as  well  as  the  coherence  of  the 
doubled,  exponentially  amplified  radiation. 


1  INTRODUCTION 

The  seeded  single  pass  FEL  has  many  advantages  over 
other  FEL  concepts.  The  output  bandwidth  is  controlled 
by  the  input  seed,  limited  only  by  the  pulse  length,  and  a 
bandwidth  of  Iff4  is  possible.  Similarly,  frequency 
stability  is  also  controlled  by  the  seed;  hence  the  electron 
beam  energy  stability  influences  only  the  output  intensity 
fluctuations,  relaxing  the  requirement  on  energy  stability. 
Another  obvious  advantage  is  that  the  mirror  loss  and 
damage  problems  of  FEL  oscillators  are  eliminated.  In 
addition,  there  is  no  need  for  a  long  train  of  micro-pulses. 
The  electron  beam  can  consist  of  single  micro-pulses. 
High  repetition  rate  can  be  provided  by  utilizing  a 
superconducting  linac.  Thus,  a  seed  beam  makes  it 
possible  to  achieve  very  good  energy  stability  and  high 
average  power. 

There  are  powerful,  conventional  high  repetition-rate 
tunable  lasers  operating  in  the  IR  and  visible  frequency 
bands  which  may  be  harmonic-multiplied  into  the  VUV 
and  used  as  seed  lasers  for  the  FEL  amplifier.  The  interest 


in  harmonic  generation  in  FELs  stems  from  the  limitations 
of  conventional  laser  harmonic  generation  techniques, 
such  as  low  conversion  efficiency,  susceptibility  to 
damage  and  limited  tunability. 

The  generation  of  harmonics  by  bunching  an  electron 
beam  in  a  undulator,  using  a  seed  laser,  is  well  known  and 
verified  experimentally  [1].  The  use  of  prebunching  in 
FELs  was  studied  analytically  [2]  and  in  a  3-D  numerical 
simulation  [3],  The  extension  of  this  technique  to  the 
exponential  growth  regime  including  undulator  tapering 
has  been  proposed  and  studied  in  detail  as  the  basis  for  the 
DUVFEL  at  BNL  [4-6].  An  order  of  magnitude 
improvement  in  the  performance  of  this  system  can  be 
obtained  by  further  modifications  of  the  technique  [7]. 
However,  the  complete  process  of  generating  the 
harmonics  by  prebunching  in  the  fundamental  and 
amplification  in  a  undulator  tuned  to  the  harmonic  has  not 
been  demonstrated  experimentally  as  yet.  The  generation 
of  harmonics  and  subsequent  exponential  growth  poses 
many  interesting  questions.  It  is  our  intention  to  pursue 
these  questions  experimentally  in  the  experiment  at  the 
ATF. 

In  the  proposed  HGHG  experiment,  we  will  demonstrate 
the  bunching  of  a  42  MeV  electron  beam  by  a  C02  laser  of 
nearly  0.7  MW  input  power.  We  will  study  the  coherent 
growth  of  the  second  harmonic  at  a  wavelength  of  5.3  pm, 
the  exponential  growth  regime,  and  saturation  regime.  We 
would  like  to  verify  our  theoretical  models  and  to  answer 
important  questions  such  as  the  effect  of  electron  beam 
parameters  on  the  coherence  of  the  FEL,  the  effect  of 
undulator  and  alignment  errors,  and  the  higher  harmonic 
contents  of  the  FEL  output  near  saturation. 

We  have  selected  the  parameters  of  the  harmonic 
generation  experiment  to  match  the  electron  beam 
parameters  which  have  already  been  demonstrated 
experimentally  at  the  ATF[8].  These  include:  a 
normalized  rms  emittance  of  4ji  mm  mrad  at  a  peak 
current  of  1 10  Ampere,  and  the  energy  of  42  MeV;  a  COz 
oscillator  with  a  pulse  length  of  nearly  100  ns  and  a  power 
of  0.7  MW;  a  solid-state  optical  chopper  on  the  C02  laser 
system  which  is  synchronized  to  the  electron  beam.  This 
chopper  is  capable  of  slicing  a  10-100  ps  long  pulses.  If 
necessary,  these  pulses  can  be  amplified  by  a  wide-band 
C02  amplifier.  In  the  first  stage,  we  shall  use  the  0.7  Mw 
100ns  output  of  the  oscillator  output  because  its  repetition 
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rate,  and  because  the  chopper  will  lower  the  intensity.  The 
amplifier  repetition  rate  is  lower  than  the  oscillator,  so 
only  in  the  second  stage  when  we  need  to  increase  the 
HGHG  output  power  by  increasing  the  C02  power  we 
will  use  the  chopper  and  the  amplifier. 

2  PARAMETERS  OF  THE  HARMONIC 
GENERATION  EXPERIMENT 

The  design  and  theory  of  the  harmonic  generation  PEL 
has  been  described  extensively  in  ref.  [5].  Therefore  we 
will  confine  this  presentation  to  a  brief  description  of  the 
parameters  of  the  experiment  and  the  expected 
performance  of  the  system. 

Table  1  provides  all  the  relevant  parameters  of  the 
experiment:  seed  laser,  electron  beam,  undulator,  and 
expected  FEL  amplifier  performance.  The  Rayleigh  range, 
as  well  as  the  strength  of  the  dispersive  section  have  been 
optimized  using  a  procedure,  described  in  ref.  [5], 


Table  1  System  parameters 


Electron  beam  parameters: 

Energy  y 

82 

Current  I 

110A 

Micropulse  length 

4ps 

Emittance  (normalized  rms) 

4xlOJ’  n  mrad 

rms  beam  size  cr,  (matched  beam) 

240  pm 

Local  energy  spread  ajy 

0.043  % 

Seed  laser  parameters: 

Wavelength 

10.6  pm 

Input  power  P„ 

0.7  MW 

Pulse  length  (initially) 

100  ns 

Improved  (sliced)  pulse  length 

10-100  ps 

Rayleigh  Range 

0.76  m 

Modulator  undulator: 

Length 

0.76  m 

Period 

8  cm 

Peak  magnetic  field 

0.158  T 

Dispersive  section: 

Length 

30  cm 

Magnetic  field 

0.5T 

Dispersion  (dl/J  /  dj  ) 

1.5 

Radiator  undulator  (Cornell  Undulator  A): 

Period 

3.3cm 

Length 

2m 

Exponential  section  magnetic  field 

0.47  T 

Betatron  wavelength 

3.75  m 

FEL  parameters: 

Wavelength 

5.3pm 

Bessel  factor  J„-J, 

0.857 

Power  e-folding  length 

0.263  m 

Pierce  parameter  p 

0.0089 

Output  power 

37  MW 

Output  energy  for  a  4  ps  FWHM  pulse 

-  0.2  ml 

Following  the  optimization  of  the  FEL  parameters,  the 
complete  simulation  of  the  HGHG  FEL  has  been  done 
using  a  modified  version  of  the  computer  code  TDA  [10]. 

A  schematic  diagram  of  the  harmonic  generation 
experiment  is  shown  in  fig.  1. 
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110  amp 
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Figure  1 :  schematic  diagram  of  the  HGHG  experiment 

We  will  use  a  C02  seed  laser  at  a  wavelength  of  10.6  pm. 
The  seed-laser  pulse-length  will  be  initially  100  ns  at  an 
input  power  of  0.7  MW.  The  electron-beam  pulse-length 
at  the  ATF  is  assumed  to  be  4  ps  FWHM. 

Our  system  utilizes  two  undulator  magnets  separated  by 
a  dispersion  section.  The  first  undulator,  the  Mini- 
Undulator,  is  used  to  energy  modulate  the  electron  beam. 
The  period  of  this  undulator  is  8  cm  and  the  peak  axial 
magnetic  field  is  0.158  T,  making  the  42  MeV  electron 
beam  resonant  with  the  10.6  pm  seed  radiation.  This  is 
followed  by  the  dispersion  section  with  a  magnetic  field  of 
0.5  T,  in  which  the  energy  modulation  is  converted  into  a 
spatial  bunching  with  a  strong  second  harmonic 
component  at  5.3  pm.  At  the  end  of  the  dispersion  section, 
the  energy  phase  distribution  is  given  in  figure  2,  showing 
strong  micro  bunching. 


When  the  coherently  bunched  beam  enters  the  2  m  long 
radiator  undulator  magnet  (the  Cornell  Undulator  A, 
resonant  at  5.3  pm),  there  is  a  rapid  coherent  generation  of 
5.3  pm  radiation  within  the  first  two  gain  lengths,  ie., 
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about  0.5  meter.  The  radiation  has  a  characteristic 
quadratic  dependence  on  the  distance  traversed  in  the 
undulator.  Then  there  is  a  transition  to  exponential  growth 
which  continues  until  about  1.8  m,  where  it  reaches 
saturation,  with  output  power  of  37  Mw.  At  the  end  of  the 
Cornell  Undulator  A,  the  energy  phase  distribution  is 
plotted  in  figure  3,  showing  saturation,  and  the  5  |xm 
structure  instead  of  the  10  pm  structure  in  the  figure  2. 
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Figure  3 


The  three  distinct  PEL  processes  occurring  in  the  second 
wiggier  (the  quadratic  superradiant  growth,  the 
exponential  growth,  and  saturation)  are  shown  clearly 
when  the  radiation  power  is  plotted  against  the  undulator 
length  in  figure  4. 
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Figure  4 

We  have  looked  into  the  sensitivity  of  the  FEL 
performance  on  electron  beam  parameters,  such  as  the 
emittance  and  energy  spread.  Changing  the  emittance, 
from  4  to  6x1  O’6  it  mrad  changes  the  power  e-folding 
length  of  the  second  undulator  from  0.26  to  0.29  m. 
Changing  the  current  from  1 10  ampere  to  90  ampere  again 
increases  the  gain  length  to  0.29  m.  Similarly,  changing 
the  FWHM  energy  spread  from  0.1  to  0.2%  changes  the  e- 
folding  length  from  0.26  m  to  0.27  m. 

To  study  the  tolerance  on  the  undulator  errors,  we 
simulated  the  system  by  seeding  the  calculation  with 
different  sets  of  random  undulator  peak  to  peak  errors.  For 


simplicity,  we  calculate  for  the  case  seeded  with  5  micron 
C02  beam  of  peak  power  10  kw.  In  figure  5,  we  plot  the 
gain  verses  the  rms  displacement  for  each  individual  set  of 
undulator  errors.  Each  point  in  the  plot  represents  one  set 
of  undulator  error,  and  hence  one  particular  trajectory. 
This  plot  shows  that  the  output  power  is  predominantly  a 
function  of  the  rms  displacement.  When  the  rms 


RMS  Displacement  (10'4m) 

Figure  5 

displacement  is  100  micron,  the  gain  drops  from  about 
160  to  about  120.  Hence  we  choose  100  micron  as  our 
tolerance  on  trajectory  displacement. 
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MECHANICAL  DESIGN  OF  THE  VISA  UNDULATOR 

M.  Libkind1.  L.  Bertolini,  P.  Duffy,  LLNL,  Livermore,  CA  94550 
R.  Carr,  SLAC,  Stanford,  CA  94309 


G.  Rakowsky,  J.  Skaritka 

Abstract 

As  part  of  the  research  and  development  effort  for  a 
4th  generation  light  source,  we  have  designed  a  4-meter 
long  Free-Electron  Laser  (FEL)  undulator.  The  undulator 
will  be  installed  at  the  Accelerator  Test  Facility  (ATF)  at 
Brookhaven  National  Laboratory  to  conduct  a  Self- 
Amplified  Spontaneous  Emission  (SASE)  demonstration. 
The  demonstration  is  called  VISA,  which  stands  for 
“Visible  to  Infrared  SASE  Amplifier.”  The  undulator 
consists  of  440  permanent  dipole  magnets  per  meter 
which  are  supported  and  aligned  on  a  precision 
strongback.  Focusing  and  defocusing  permanent 
quadrupole  magnets  are  also  supported  by  the  strongback. 
Each  of  the  4  one-meter  sections  of  undulator  are 
kinematically  supported  and  housed  within  the  vacuum 
vessel.  The  undulator  and  the  vacuum  vessel  are 
supported  independently  to  eliminate  undulator 
misalignment  during  vacuum  pump-down  of  the  vessel. 
We  describe  the  design  requirements  and  features  of  the 
undulator,  vacuum  vessel  and  support  system. 

1  INTRODUCTION 

SLAC,  ANL,  LANL,  LLNL  and  UCLA  are  proposing  to 
build  a  Free-Electron  Laser  (FEL)  R&D  facility  operating 
in  the  self-amplified  spontaneous  emission  (SASE)  mode 
in  the  wavelength  range  1.5-15  A.  This  FEL,  called 
"Linac  Coherent  Light  Source"  (LCLS)  [1],  utilizes  the 
SLAC  linac  and  produces  sub-picosecond  pulses  of  short 
wavelength  x-rays  with  very  high  peak  brightness  and  full 
transverse  coherence.  The  Visible  to  Infrared  SASE 
Amplifier  to  be  installed  at  the  Accelerator  Test  Facility 
(ATF)  at  BNL  was  designed  to  demonstrate  SASE 
through  saturation. 

The  critical  component  of  the  experiment  is  the  990- 
millimeter  long  undulator  segment.  VISA  includes  four  of 
these  segments,  but  the  design,  including  vacuum  vessel, 
was  based  on  the  need  to  extend  the  undulator  to  six 
meters  for  use  at  BNL  in  the  Source  Development 
Laboratory  (SDL)  upon  the  completion  of  the  VISA 
experiment. 

Significant  challenges  included  a  dipole  gap  tolerance 
of  10  microns  with  a  profile  of  25  microns  per  meter, 
absolute  axial  dipole  positioning  of  25  microns,  vertical 
quadrupole  positioning  of  50  microns  and  a  quadrupole 
gap  tolerance  of  50  microns. 

2  UNDULATOR 

Figure  1  shows  the  cross-section  of  the  VISA  undulator 
and  Figure  2  shows  the  undulator  with  top  strongback 
removed.  The  strongbacks  and  keepers  were  fabricated 


1  E-mail:  libkindl@llnl.gov 


BNL,  Upton,  NY  11973 

using  a  combination  of  grinding  and  milling  in  order  to 
obtain  the  required  25-micron  profile. 

Left  and  right  keeper  assemblies  are  precision 
mounted  to  the  ground  bottom  strongback.  The 
quadrupole  holder  assemblies  (described  below)  are 
installed.  The  initial  alignment  of  the  holders  is  obtained 
using  a  temporary  1 -meter  long  ground  spacer  bar. 
Threaded  rods  passing  through  the  keepers  hold  the 
quadrupole  holders  in  place  and  permit  horizontal 
trajectory  adjustment  after  assembly  is  complete. 

The  top  220  dipoles  are  then  mounted  using  a 
precision  installation  mechanism  and  hold-down  bars  to 
obtain  the  required  axial  positioning. 


Figure  1.  Cross-section  of  the  VISA  undulator 


Figure  2.  Undulator  with  top  strongback  removed 

Next  the  top  strongback  is  attached  and  the  bottom 
strongback  is  removed.  The  remaining  220  dipole  magnets 
are  installed  and  the  bottom  strongback  is  re-attached. 
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After  assembly  a  1-mil  nickel  foil  was  installed  to 
cover  the  dipole  magnets  in  order  to  provide  a  better  RF 
environment. 

Built  into  the  keepers  are  holes  that  permit  insertion 
of  diagnostic  probes  into  the  beam  at  the  undulator 
segment  quarter  points. 

Each  left  and  right  focusing  or  defocusing  quadrupole 
section  consists  of  three  30-millimeter  long  magnets  that 
are  mounted  in  a  holder  assembly  (Figure  3).  Physical 
constraints  limit  the  thickness  of  the  back  of  the  holder 
and  the  thickness  of  the  holder  faceplate  to  1.5  millimeters 
each.  However,  the  clamping  of  the  magnets  between  the 
holder  and  the  faceplate  creates  a  stiff  laminated  structure. 


The  straightness  of  the  three  quadrupole  magnets  in  a 
section  is  obtained  by  assembling  the  holder  against  a 
precision  ground  plate  with  temporary  shims  to  locate  the 
magnets  vertically.  The  height  of  the  holder  is  controlled 
so  that  it  is  self-positioning  between  the  top  and  bottom 
dipoles.  The  final  design  allows  the  maximum  deviation 
of  a  quadrupole  section  from  true  vertical  center  to  be  100 
microns. 


Fiducials  are  located  at  the  ends  of  each  undulator 
segment  to  facilitate  alignment  in  ATF.  The  magnetic 
field  is  shimmed  and  the  magnetic  center  of  each 
undulator  determined  relative  to  the  fiducials  in  the  NSLS 
Magnetic  Measurements  Laboratory  at  BNL.  To 
accomplish  this,  built  into  the  each  undulator  is  the  ability 
to  rotate  it  90  degrees  around  the  beam  axis  with 
negligible  sag  in  the  structure. 

The  ends  of  the  undulator  segments  are  designed  to 
accept  the  attachment  of  termination  magnets  in  a  holder. 
These  are  used  during  magnetic  shimming  of  each 
segment  and  on  the  upstream  and  downstream  ends  of  the 
entire  undulator  during  operation. 

3  VACUUM  VESSEL 

The  vacuum  vessel  for  VISA  must  house  the  undulator, 
while  remaining  mechanically  de-coupled  from  it,  and 
support  the  diagnostic  probes.  It  must  also  allow 
installation  access  and  maintain  vacuum  integrity.  Figure 
4  is  an  isometric  view  of  the  vessel  and  support  system. 

The  four-meter  VISA  vacuum  vessel  is  constructed  in 
two  sections;  one  1 .5  meters  and  one  2.5  meters  long.  This 
permits  installation  in  ATF  and  expansion  of  the  vessel  to 
six  meters  in  SDL.  The  expansion  is  accomplished  by 
installing  a  2-meter  vessel  section  between  the  1.5  and 
2.5-meter  sections. 

The  cross-section  of  the  vacuum  vessel  is  limited  to 
203  x  203  millimeters  by  the  dimensions  of  the  external 
steering  coils  although  access  ports  and  diagnostics 
protrude  beyond.  Each  coil  has  a  removable  top  section 
that  permits  removal  of  the  vessel  covers.  Ports  on  the  top 
and  one  side  of  the  vessel  permit  access  to  the  fiducials  on 
the  undulator  sections  during  alignment. 
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Finite  element  analysis  was  used  to  calculate  the 
deformation  of  the  vacuum  vessel  under  gravity  and 
vacuum  loading.  Vertical  deformation  of  the  vessel  under 
these  loads  is  within  acceptable  limits.  Removable 
shoulder  bolts  through  the  vessel  covers  and  top  flanges 
restrain  the  vessel  sidewalls  from  bending  inward  during 
pump-down.  This  is  critical  because  the  insertable 
diagnostic  probes  are  attached  to  the  vessel  sidewalls. 
Shoulder  bolts  are  used  instead  of  specifying  a  required 
torque  on  the  many  cover  bolts  thereby  reducing  the 
vessel  closing  time. 

Ports  for  the  insertable  diagnostic  probes  are  located 
at  the  quarter  points  of  the  undulator  segments.  The 
probes  are  aligned  to  corresponding  holes  in  the  undulator 
keepers  at  atmospheric  pressure.  Oversize  clearance  holes 
in  the  mounting  flanges  provide  the  necessary  vertical  and 
horizontal  adjustment  range. 

Fiducials  are  located  at  the  ends  of  the  vessel  to 
facilitate  alignment,  which  need  only  be  on  the  order  of 
one  millimeter. 

The  vacuum  vessel  is  supported  on  three  leveling  feet 
with  reinforced  Teflon  pads.  Two  transverse  and  one 
axial  struts  control  the  horizontal  positioning. 

4  SUPPORT  SYSTEM 

The  support  platform  consists  of  two  aluminum  plates  and 
five  cylindrical  aluminum  piers.  The  fundamental 
frequency  of  the  support  platform,  vacuum  vessel  and 
undulators  is  20  Hz.  The  plate  also  supports  alignment 
hardware  during  installation. 

Figure  5  shows  the  support  system  for  the  undulator 
segments.  Each  undulator  is  supported  kinematically  on 
three  vertical  adjuster  screws  at  approximately  the  quarter 
points.  A  ball,  free  to  rotate,  forms  the  tip  of  each 
adjuster.  The  adjusters  are  connected  to  support  pedestals 
that  pass  through  the  bottom  of  the  vacuum  vessel  and 


attach  to  slide  mechanisms  that  permit  the  adjusters  to  be 
moved  perpendicular  to  the  beam  axis.  Vacuum  integrity 
of  the  vessel  is  obtained  using  a  welded  bellows  between 
the  vessel  and  the  blank  flange  located  on  each  slide. 

Axial  positioning  of  one  of  the  undulator  segments  is 
obtained  by  fixing  one  of  its  support  balls  in  a  cone;  this 
forms  the  axial  reference  for  the  entire  four  meters.  The 
remaining  three  undulator  segments  are  fixed  axially  to 
the  reference  through  a  spring  and  adjuster  mechanism. 
This  design  permits  axial  spacing  of  the  undulator 
segments  within  less  than  the  maximum  thermal 
expansion. 

5  SUMMARY 

The  design  of  the  VISA  undulator,  vacuum  vessel  and 
support  system  has  been  described.  The  hardware  is 
currently  being  assembled  at  BNL  in  the  Accelerator  Test 
Facility. 
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Abstract 

The  VISA  (Visible  to  Infrared  SASE  Amplifier)  project  is 
designed  to  be  a  SASE-FEL  driven  to  saturation  in  the 
sub-micron  wavelength  region.  Its  goal  is  to  test  various 
aspects  of  the  existing  theory  of  Self-Amplified 
Spontaneous  Emission,  as  well  as  numerical  codes. 
Measurements  include:  angular  and  spectral  distribution  of 
the  FEL  light  at  the  exit  and  inside  of  the  undulator; 
electron  beam  micro-bunching  using  CTR;  single-shot 
time  resolved  measurements  of  the  pulse  profile,  using 
auto-correlation  technique  and  FROG  algorithm.  The 
diagnostics  are  designed  to  provide  maximum  information 
on  the  physics  of  the  SASE-FEL  process,  to  ensure  a 
close  comparison  of  the  experimental  results  with  theory 
and  simulations. 

1  INTRODUCTION 

The  concept  of  self-amplified  spontaneous  emission  [1] 
free  electron  lasers  is  of  the  great  interest  from  both 
academic  and  practical  point  of  view.  The  description  of 
the  process  is  a  complicated  relativistic  theory  on  the 
merger  of  accelerator  physics,  radiation  theory  and  plasma 
physics.  The  technological  prospects  are  very  promising, 
as  it  allows,  among  other  things,  the  construction  of  the 
x-ray  laser  [2].  However,  the  experimental  proof  of 
SASE-FEL  theory  has  taken  place  at  much  larger 
wavelengths  (e.g.  UCLA-LANL  experiment  in  IR  [3]). 
The  objective  for  this  device  is  to  scale  the  experimental 
confirmation  of  theory  and  simulation  into  the  visible  and 
near  IR  region,  as  well  as  measure  saturation  and  other 
different  aspects  of  FEL  performance. 

The  experiment  will  be  held  at  the  Accelerator  Test 
Facility  in  Brookhaven  National  Laboratory  [4],  It  is  a 
state  of  the  art  photoinjector  accelerator,  which  can 
provide  an  electron  beam  of  the  desired  quality  (Table  1). 

The  undulator  consists  of  four  1-meter  long  sections.  It 
utilizes  an  array  of  focusing  magnets,  to  provide  a  strong 
focusing  in  both  planes,  in  order  to  minimize  the  bunch 
spot  size.  Optimization  of  the  electron  trajectories  in  the 
undulator  is  being  done  with  the  pulsed  wire  correction 
technique  [5],  In  addition,  the  external  trim  coils  are  built 
to  minimize  the  trajectory  walk-off  during  operation. 

2  MEASUREMENTS 

Achieving  the  maximum  gain  in  the  first  harmonic,  is  a 
proof  of  principle  experiment,  to  demonstrate  the 
operation  of  SASE-FEL  at  shorter  wavelengths. 


Table  1 :  Relevant  parameters  for  VISA  FEL 


Nominal  Beam  Energy 

71MeV 

Peak  Current 

200  Amp 

Charge 

InC 

Normalized  Beam  Emittance 

2  Tt-mm-mrad 

Undulator  Parameter,  K 

1.26 

Undulator  Period 

1.8  cm 

Number  of  Periods,  Njj 

220 

Electron  Beam  Beta-Function 

30  cm 

Radiation  Wavelength,  A.r 

800nm 

The  single  particle  spontaneous  emission  intensity 
within  the  coherent  angle  [6],  for  the  VISA  undulator  is 
1.5  photons  per  100  electrons,  which  corresponds,  in  case 
of  200A  beam,  to  the  total  radiated  power  of 

ekrI„ 

PSE=.52—~4JW  (!) 

In  order  to  saturate  starting  from  noise,  the  FEL  process 
has  to  proceed  through  at  least  10  field  gain  lengths.  The 
design  parameters  are  chosen  such  that  it  is  just  enough  to 
saturate  over  the  length  of  4  meters.  For  the  InC  beam 
the  saturated  power,  according  to  simulations,  is  60MW, 
which  attributes  to  the  total  gain  of  G=1.3  107. 
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Figure  1:  FEL  radiation  power  dependence  on  charge 
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Figure  2:  FEL  power  degradation  due  to  the  electron  beam 
emittance  increase 

2.1  Power  versus  Charge 

The  measurement  can  be  repeated  for  different  charges, 
which  should  give  a  characteristic  exponential  curve  on 
Fig.  1.  However,  the  actual  performance  of  the  FEL  will 
depend  on  the  experimental  conditions,  such  as  quality  of 
the  beam,  undulator  performance,  and  proper  matching  and 
guiding  of  the  beam  through  the  undulator.  Particularly 
important  is  the  emittance  of  the  beam.  On  Fig.2  there 
are  simulations  results  for  InC  beam  with  the  peak 
current  of  200A,  which  demonstrate  very  rigid 
requirements  to  meet  the  designed  performance  of  the 
FEL.  Increase  in  the  average  beam  size  by  20%  would 
lower  the  radiation  power  by  a  factor  of  4.  To  ensure 
proper  control  of  the  beam  spot,  the  vacuum  chamber  is 
equipped  with  a  YAG  beam  profile  monitors  every  50cm. 

2.2  Spectral  and  Angular  Fluence 


For  the  direct  comparison  of  experimental  results  with 
the  theory  of  SASE-FEL  process,  not  only  the  radiation 
intensity,  but  also  its  spectral  and  angular  distribution  in 
the  far  field  will  be  measured. 

Expanding,  and  collimating  the  beam  into  the  CCD 
array  shall  provide  an  accurate  measurement  of  the  total 
angular  fluence;  whereas  the  slit  spectrometer  will  enable 
to  obtain  explicit  results  for  dP/dwdQ. 

2.3  Power  Gain  along  the  Undulator 

VISA  FEL  design  makes  possible  a  set  of  rather  novel 
measurements.  First  of  all,  it  is  a  power  gain  along  the 
undulator  length.  Fig.  3  shows  the  simulations  of  the 
power  growth  along  the  VISA  undulator,  performed  with 
the  GENESIS  code.  It  indicates  nearly  linear  behavior 
along  at  the  beginning  of  the  undulator  (lethargy),  where 
radiation  is  being  dominated  by  the  spontaneous  emission 
(dashed  line).  The  coherent  fraction  of  SE  (dotted  line) 
starts  the  FEL  process,  and  in  a  few  gain  lengths  the 
exponential  term  prevails,  providing  for  the  overall  high 
gain. 


After  the  exit  of  the  undulator,  the  light  will  be 
transported  into  the  measurements  area,  attenuated  if 
necessary  and  then  processed  by  the  diagnostics.  Relay 
imaging  will  be  used  to  preserve  profile  and  characteristics 
of  a  radiation  pulse,  during  the  transport. 


Figure  3:  Simulations  results  for  the  radiation  power 
along  the  length  of  the  undulator 


Figure  4:  Optical  diagnostics  layout.  Coated  mirrors 
separate  FEL  radiation  from  the  YAG  light  and  send  it 
into  the  relay  imaging  transport  line. 

In  order  to  make  that  measurement  possible,  the 
undulator  chamber  was  equipped  with  8  diagnostics  ports, 
50cm  apart.  The  probes  are  set  up  with  both,  YAG 
crystals  for  the  electron  beam  diagnostics,  and  mirrors  to 
get  the  FEL  radiation  out.  Probe  design  utilizes  periscope 
mirrors  to  compensate  for  mechanical  hysteresis  in  the 
actuators.  The  optical  transport  system  has  been  designed 
to  provide  for  the  optimal  imaging  of  the  FEL  radiation 
into  the  diagnostics  area.  To  satisfy  the  requirements  of 
the  experiment,  the  transport  system  should: 

•  provide  for  minimum  losses,  transporting  the  FEL 
radiation  beam  over  15-20  m; 

•  ensure  the  identical  imaging  properties  for  all  ports; 

•  tolerate  errors  and  imperfections  in  the  optics. 
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Figure  5:  Single  cell  of  the  optical  transport  system 


The  design  satisfying  for  these  demands,  is  shown  on 
Fig.  4.  The  light  from  the  probe  comes  out  through  the 
vacuum  window  where  it  is  being  split  by  the  mirror 
coated  for  800nm.  Most  of  the  YAG  light  travels  through 
the  mirror  into  the  camera,  whereas  FEL  radiation  gets 
into  the  transport  line  via  the  flipping  mirror,  which  is 
automated  to  move  in  and  out  of  the  light  path,  so  that  it 
would  not  interfere  with  the  light  from  a  previous  port. 

In  the  transport  line,  the  radiation  light  will  go  through 
the  periodic  lens  array,  converging  to  the  identical  image 
after  each  cell,  shown  on  Fig.  5.  It  is  straightforward, 
that  this  configuration  translates  the  image  into  its 
identity,  rotated  180°: 
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Since  the  diagnostics  ports  are  separated  by  50  cm,  we 
found  the  choice  of  25-cm  focal  lengths  to  be  the  most 
adequate.  One  can  see  on  Fig.  4,  that  with  the  proper 
positioning  of  lenses,  the  transport  for  each  port  will 
contain  a  series  of  1  to  4  unit  cells,  before  the  common 
image  plane.  From  there,  the  similar  but  more  spread-out 
system  will  provide  a  long-range  transport. 

Such  a  transport  system  provides  a  unit  magnification 
imaging  from  all  the  ports,  with  insignificant  diffraction 
losses  for  the  number  of  Hermit-Gaussian  modes, 
including  the  fundamental.  Another  important  advantage 
is,  that  it  leaves  no  space  for  the  systematic  errors,  so  the 


Figure  6:  Spikes  in  the  radiation  temporal  profile 
( Average  period  is  94pm) 


tolerance  is  fairly  high.  The  5-cell  array  preserves  all 
properties  of  the  Gaussian  beam  within  95%,  while  the 
lens  positioning  accuracy  is  0.5cm,  focal  length  -  0.5%, 
and  angular  mismatch  at  injection  -  lOmrad. 

3  TIME  DOMAIN  DIAGNOSTICS 

Spikes  formation  is  another  important  property  of  SASE- 
FEL  process.  For  VISA  beam,  the  bunch  length  exceeds 
the  cooperation  length  by  two  orders  of  magnitude,  so  the 
multiple  spikes  formation  is  anticipated  [7]  with  the 
period  of  not  bigger  than  100p.m.  The  time  structure  of 
the  radiation  pulse  is  shown  on  Fig.  6.  Presence  of 
spikes  can  be  established  indirectly,  by  measuring  the 
radiation  spectrum  and  power  fluctuations  [7]  at  the 
undulator  exit,  as  it  was  done  in  previous  experiment  [3]. 

For  the  direct  measurement  of  the  radiation  beam 
temporal  profile  the  single  shot  autocorelator  was 
developed  at  LLNL  specifically  for  800nm  light.  By 
utilizing  a  thinner  crystal  and  narrowing  the  bandwidth  it 
allows  resolving  a  femtosecond  structures  in  a  pulse. 
With  that  tool  the  FEL  radiation  can  be  characterized 
completely,  using  the  FROG  algorithm. 

4  CTR  MICROBUNCHING  MONITOR 

Bunching  of  an  electron  beam  ( b ,)  in  the  undulator  can 
be  measured  directly  by  sending  a  bunched  beam  through  a 
thin  foil,  and  observing  a  backscattered  coherent  transition 
radiation  [8].  The  FEL  radiation  transport  line  and 
diagnostics  can  be  used  to  propagate  and  characterize  the 
CTR  signal,  respectively.  Total  intensity  of  the  CTR  at 
FEL  wavelength  is  directly  proportional  to  b,2. 

The  results  of  a  similar  measurement  in  UCLA-LANL 
experiment  [9]  were  in  an  excellent  agreement  with  the 
FEL  data.  It  was  a  little  surprising,  that  the  spectrum  of 
the  CTR  signal  was  -3%  off,  compare  to  the  FEL 
radiation.  One  can  speculate  that  the  difference  can  be 
attributed  to  the  sidebands  in  the  SASE  radiation,  due  to 
spikes.  However,  another  experimental  verification  is 
necessary  to  fully  understand  the  phenomenon. 
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Abstract 

A  self-amplified  spontaneous  emission  (SASE)  ffee- 
electron  laser  (FEL)  is  under  construction  at  the  Advanced 
Photon  Source  (APS).  Three  gun  systems,  an  rf-test  area, 
laser  room,  numerous  diagnostics,  a  transfer  line  at  the 
end  of  the  linac,  and  a  new  building,  which  will  serve  as 
the  experimental  hall,  have  been  added.  The  only 
remaining  items  to  be  installed  are  the  undulators  into  the 
beamline.  Here,  the  additions  to  the  APS  in  support  of  this 
project  as  well  as  commissioning  results  and  future  plans 
will  be  discussed. 

1  INTRODUCTION 

The  Advanced  Photon  Source  (APS)  at  Argonne  National 
Laboratory  (ANL)  has  constructed  an  experiment 
designed  to  test,  at  a  modest  scale,  the  idea  of  a  linac- 
driven  free-electron  laser  (FEL)  based  on  the  single-pass 
self-amplified  spontaneous  emission  (SASE)  process  [1], 
The  project  resembles  the  current  conception  of  a  future 
fourth-generation  synchrotron  light  source  user  facility 
[2].  Such  a  user  facility  would  provide  a  light  source  with 
unprecedented  brilliance  and  time-resolution  capabilities 
far  exceeding  those  currently  available  at  third-generation 
light  sources  (including  the  APS.) 

This  paper  will  describe  the  APS  SASE  FEL.  In 
particular,  a  brief  overview  of  the  project  and  its  history 
will  be  given  along  with  the  project  goals.  The  most 
recent  commissioning  results  will  then  be  discussed  along 
with  a  brief  summary  of  the  immediate  timeline. 

2  PROJECT  DESCRIPTION 

The  APS  SASE  FEL  project  will  perform  an  end-to-end 
test  of  the  SASE  FEL  process  similar  to  that  envisioned 
for  a  fourth-generation  synchrotron  light  source  facility. 
The  initial  goal  will  be  to  obtain  saturation  at  visible 
wavelengths.  The  process  will  be  thoroughly  studied 
before  raising  the  electron  beam  energy  to  push  the  FEL 
wavelength  into  UV.  This  process  will  be  continued  until 
the  maximum  energy  of  the  APS  linac  is  reached.  Table  1 
lists  the  experimental  parameters  for  the  three  planned 
phases  of  the  experiment. 
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Table  1:  APS  SASE  FEL  parameters  with  photocathode  rf 
gun  drive 


Parameter 

Phase  I 

Phase  II 

Phase  III 

Energy  (MeV) 

217 

457 

700 

Lr  (nm) 

530 

120 

51 

Lgai„  (m> 

0.4 

0.72 

1.2 

Lu  (™) 

8.7 

15 

24 

P^(MW) 

260 

270 

200 

Bp^CxlO28) 

5 

20 

37 

’photons/sec/mmVmradVo.  1  %  bandwidth 

3  COMPONENT  DESCRIPTION 


3.1  RF  Gun  Systems 

There  are  three  electron  gun  systems  in  the  APS  linac:  two 
thermionic  rf  guns  with  alpha-magnet  bunch  compression 
and  a  photocathode  rf  gun. 

Figure  1  shows  the  current  configuration  of  the  linac  in 
the  area  of  the  two  thermionic  rf  gun  systems,  either  of 
which  can  serve  as  the  primary  injector  for  standard  APS 
operation.  Only  the  second,  downstream  thermionic  rf  gun 
is  suitable  as  an  FEL  driver.  The  simulated  expected 
performance  of  this  downstream  high-performance 
thermionic  rf  gun  at  the  entry  of  the  first  accelerating 
structure  is  150- A  peak  current,  5  n  mm-mrad  rms 
normalized  emittance,  and  10%  energy  spread  (with 
energy  filter  installed)  at  2.5  MeV. 


Figure  1 :  The  two  thermionic  rf  guns  in  the  APS  linac 

In  addition  to  the  thermionic  rf  guns,  an  on-loan  copy  of 
the  BNL/ATF-Gun-IV  photocathode  rf  gun  was  installed 
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at  the  head  of  the  APS  linac  during  the  March  1999 
maintenance  period  (Figure  2.)  The  photocathode  rf  gun 
system  can  produce  a  beam  at  5  MeV  with  300-A  peak 
current,  3  n  mm-mrad  rms  emittance,  and  0.1%  energy 
[3].  It  will  be  used  as  the  primary  electron  source  for  the 
APS  SASE  FEL. 


experiment,  however,  the  beam  follows  a  different  path 
through  a  new  beamline  system.  This  additional  beamline 
is  directly  in  line  with  the  linac  and  so  avoids  unnecessary 
bends,  which  could  lead  to  emittance  dilution.  It  is  fully 
instrumented  with  appropriate  diagnostics. 

3.5  Undulator  System 


Figure  2:  The  photocathode  rf  gun  in  the  APS  linac 

3.2  Laser  System 

The  photocathode  rf  gun  drive-laser  system  resides  in  a 
radiation  shielded  room  immediately  adjacent  to  the 
upstream  end  of  the  linac  vault.  The  1 19-MHz,  Nd:Glass 
laser  oscillator  produces  260  fs  FWHM  pulses  timing 
stabilized  to  better  than  1  ps  rms.  A  single  pulse  at  5  Hz  is 
sent  to  the  NdrGlass  regenerative  amplifier.  The  amplified 
IR  pulse  is  then  up-converted  to  the  UV.  The  maximum 
energy  of  the  UV  pulse  is  400  pJ.  Some  bandwidth  is  lost 
in  the  amplification  process,  and  so  the  minimum  UV 
bunch  length  is  ~1.5  ps  FHWM. 

3.3  Linac 

The  APS  linac  is  composed  of  fourteen  3-m,  2856-MHz, 
SLAC-type,  constant-gradient  accelerating  structures 
powered  by  six  35  MW  klystrons,  three  of  which  are 
SLEDed.  One  klystron  is  used  to  power  both  a  single 
accelerating  structure  and  one  of  the  two  thermionic  rf 
guns.  Here,  two  high-power  rf  switches  are  used  to  select 
between  either  gun  or  an  rf  load.  The  sixth  klystron  is 
used  is  to  drive  the  PC  rf  gun.  The  linac  is  capable  of 
producing  electron  beam  energies  of  up  to  650  MeV. 

In  addition  to  the  acceleration  and  requisite  transverse 
focusing  quadrupoles,  the  linac  is  equipped  with  many 
beam  diagnostics.  These  include  current  monitors;  beam- 
position  monitors;  Chromox,  YAG,  and  optical  transition 
radiation  (OTR)  screens;  two  spectrometer  systems;  bunch 
length  measurement  capability  through  a  higher  harmonic 
rf  cavity  or  by  use  of  a  streak  camera/OTR  screen  system; 
as  well  as  all  rf  power  and  phase  measurement 
diagnostics. 

3.4  Transfer  Lines 

Originally,  the  beam  from  the  linac  was  sent  directly  to 
the  positron  accumulator  ring  (PAR).  For  the  FEL 


The  undulators  chosen  for  this  FEL  project  are  based  on 
the  standard  undulator  used  in  the  APS.  Table  2  lists  the 
main  undulator  parameters. 


Table  2:  APS  SASE  FEL  undulator  parameters 


Parameter 

Value 

Undulator  Period  [cm] 

3.3 

K 

3.1 

Peak  On- Axis  Field  [T] 

1.006 

Undulator  Length  [m] 

2.4 

Cell  Length  [m] 

2.7265 

Peak  Quadrupole  Gradient  [T/m] 

16 

Quadrupole  Effective  Length  [mm] 

56 

A  simple  planar  undulator  system  is  used.  For 
simplicity,  the  natural  focusing  of  the  undulator  in  the 
non-wiggle  plane  is  used.  Additional  focusing  in  the 
orthogonal  plane  will  be  performed  using  quadrupoles 
placed  in  gaps  between  undulator  sections.  The  required 
undulator  system  is  made  up  of  a  series  of  undulator  cells 
each  2.7265  m  in  length,  of  which  2.4  m  is  undulator.  The 
remaining  space  is  reserved  for  the  combined  function 
quadrupole/corrector  magnets,  diagnostics,  and  drift 
space. 

The  diagnostics  in  each  undulator  cell  include  a  YAG 
fluorescent  screen,  wire  position  monitors,  a  mirror  to 
pick  off  the  generated  light,  and  a  very  high  resolution 
beam  position  monitor  capable  of  single-pass  submicron 
measurements  [4], 

3.6  Undulator  Hall  and  End  Station  Building 

The  hall  housing  the  FEL  undulator  system  is  3.5  m  in 
width  and  nearly  50  m  in  length.  It  is  a  separate  radiation 
zone,  and  therefore  access  is  permitted  during  standard 
APS  operation.  It  is  a  concrete  enclosure  with  earth  berm 
used  as  integral  shielding.  The  building  was  designed  to 
house  two  beamlines  both  fed  from  the  linac.  This  will 
allow  testing  of  a  beam-switchyard,  multiplexed  system  as 
envisioned  for  fourth-generation  light  source  facilities. 

Attached  to  the  end  of  the  undulator  hall  is  an  end- 
station  building.  It  is  outside  the  radiation  environment 
and  may  be  occupied  when  beam  is  being  delivered  to  the 
undulator  hall.  There  are  staggered  penetrations  for 
extraction  of  the  undulator  light.  Additional  optics  in  a 
transition  area  are  used  to  send  the  light  to  the  optical 
diagnostics  benches  in  the  end-station  building.  Also,  this 
end-station  building  houses  most  of  the  technical  services 
that  power  and  control  the  equipment  within  the  undulator 
hall. 
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4  COMMISSIONING  RESULTS 

4.1  Thermionic  RF  Gun 

The  high-performance  thermionic  rf  gun  is  routinely  used 
for  APS  operation,  and  so  most  tuning  to  date  has  been 
toward  that  goal  [5,6].  Commissioning  of  diagnostics  and 
diagnostic  tools  is  still  underway  [7]. 

4.2  Laser  System 

The  laser  system  is  fully  operational  and  all  optical 
transfer  lines  into  the  radiation  enclosures  have  been 
installed  and  aligned;  however,  fine-tuning  of 
performance  is  ongoing.  The  laser  system  was  used  to 
generate  photoelectrons  from  the  photoelectron  rf  gun 
while  the  gun  was  located  in  the  rf  test  area. 

4.3  Photocathode  RF  Gun 

Very  preliminary  testing  of  the  PC  rf  gun  was  performed 
while  it  was  located  in  the  rf  test  area.  This  testing 
consisted  of  full  rf  conditioning  and  photoelectron 
production.  It  was  then  relocated  to  the  head  of  the  linac 
and  is  waiting  dedicated  commissioning  time  [8], 

4.4  Beamlines  and  Diagnostics 

Using  the  thermionic  rf  gun,  the  transfer  line  was 
commissioned  to  the  beam  dump  at  the  end  of  the 
undulator  hall  in  February  1999.  Figure  3  shows  a  beam 
image  on  the  YAG  screen  at  this  end  dump.  Calibration 
and  testing  of  the  diagnostics  system  are  now  underway 
[9].  When  beamline  commissioning  is  complete,  the  first 
two  undulators  will  be  moved  in  place  and  first  SASE 
FEL  experiments  will  begin. 


Figure  3:  First  beam  at  the  end  of  the  beamline. 

5  IMMEDIATE  TIMELINE 

In  April  of  1999,  the  first  two  undulators  will  be  installed. 
The  photocathode  rf  gun  will  be  ready  to  send  beam  to  the 
undulator  hall  at  this  time. 

A  minimum  of  three  undulator  cells  will  be  installed  in 
the  summer  of  1999.  Provided  beam  quality  is  sufficient, 
full,  saturation  should  be  possible  in  the  visible  (Table  1). 


More  undulators  will  be  arriving  at  a  rate  of  about  one  per 
month.  Following  success  in  the  visible,  the  beam  energy 
will  be  raised  and  additional  undulators  added.  Full 
saturation  in  the  UV  will  then  be  attempted.  This  process 
will  be  continued  until  the  full  energy  of  the  APS  linac  is 
reached. 


6  SUMMARY 

The  APS  FEL  system  represents  a  prototypical  fourth- 
generation  synchrotron  light  source  and  will  be  used  to 
explore  the  many  issues  required  to  build  a  new 
synchrotron  light  source  user  facility  in  the  future.  Many 
components  of  the  APS  FEL  are  installed  and 
commissioned.  The  first  two  undulators  will  be  installed 
in  April  1999  and  FEL  gain  should  be  observed  shortly 
afterwards.  Additional  undulators  will  be  installed  in  the 
summer  of  1999  and  full  saturation  in  the  visible  should 
be  achieved. 
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Abstract 

A  self-amplified  spontaneous  emission  (SASE)  free- 
electron  laser  (FEL)  is  under  construction  at  the  Advanced 
Photon  Source  (APS).  Five  FEL  simulation  codes  were 
used  in  the  design  phase:  GENESIS,  GINGER, 
MEDUSA,  RON,  and  TDA3D.  Initial  comparisons 
between  each  of  these  independent  formulations  show 
good  agreement  for  the  parameters  of  the  APS  SASE 
FEL. 

1  INTRODUCTION 

The  Advanced  Photon  Source  (APS)  at  Argonne  National 
Laboratory  (ANL)  is  currently  commissioning  a  free- 
electron  laser  (FEL)  based  on  the  self-amplified 
spontaneous  emission  (SASE)  process  [1].  The  design 
parameters  were  based  on  capabilities  of  the  existing  APS 
linear  accelerator,  the  linear  theory  [2],  and  simulations. 
The  codes  used  in  the  design  include  GENESIS  [3], 
GINGER  [4],  MEDUSA  [5],  RON  [6],  and  TDA3D  [7,8], 
Comparative  simulations  were  performed  using  a  specific 
set  of  input  parameters  for  the  APS  SASE  FEL. 

2  CODE  DESCRIPTIONS 

2.1  GENESIS 

GENESIS  has  its  origin  in  TDA3D,  a  steady-state 
simulation  code,  which  has  been  extended  to  perform 
multi-frequency  simulations.  The  radiation  field  is 
discretized  on  a  Cartesian  grid  and  solved  by  the 
alternating  direction  implicit  (ADI)  integration  scheme. 
The  transverse  motion  of  the  electron  beam,  described  by 
macroparticles,  is  calculated  analytically,  whereas  the 
energy  and  phase  are  found  by  Runge-Kutta  integration. 
In  addition  to  the  standard  internal  generation,  an  external 
seeding  radiation  field,  undulator  field,  and  longitudinal 
variation  of  the  electron  beam  parameters  can  be  supplied 
in  input  files. 

2.2  GINGER 

GINGER  is  a  3D  multi-frequency  particle  tracking  code 
with  a  2D,  axisymmetric  representation  of  the  radiation 


'Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-31-109-ENG-38  and  DE- 
AC03-76SF005 1 5. 
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field.  The  equations  of  motion  are  averaged  over  an 
undulator  period.  For  non-waveguide  simulations, 
GINGER  uses  a  nonlinear,  expanding  radial  grid, 
proportional  to  the  square  of  the  radius  near  the  axis,  and 
expands  exponentially  for  large  distances  from  the  axis. 
The  outer  grid  boundary,  the  number  of  radial  grid  zones, 
as  well  as  the  region  over  which  the  grid  is  linear  are 
controlled  by  input  parameters.  GINGER  is  able  to 
simulate  a  single  segment  of  undulator  as  well  as  lumped, 
quadrupole  focusing. 

2.3  MEDUSA 

MEDUSA  is  a  3D  multi-frequency,  simulation  code 
where  the  electromagnetic  field  is  represented  as  a 
superposition  of  Gauss-Hermite  modes  and  where  a 
source-dependent  expansion  is  used  to  determine  the 
evolution  of  the  optical  mode  radius.  The  field  equations 
are  integrated  simultaneously  with  the  3D  Lorentz  force 
equations.  As  such,  MEDUSA  differs  from  the  other 
nonlinear  simulation  codes  in  that  no  undulator-period 
average  is  imposed  on  the  electron  dynamics.  It  is  capable 
of  treating  quadrupole  and  corrector  fields,  magnet  errors, 
and  multiple  segment  undulators. 

2.4  RON 

RON  is  a  linear,  single-frequency  code  intended  for 
design  optimization  of  high-gain,  short  wavelength  FELs, 
with  features  for  multiple-segment  undulators,  field  errors, 
and  distributed  focusing  elements.  The  electron  motion  is 
along  pre-calculated,  period-averaged  trajectories  and  the 
radiation  field  and  the  bunched  beam  current  density  are 
calculated  at  these  trajectories  from  a  set  of  linear  integral 
equations.  Explicit  calculation  of  the  radiation  field  (on  an 
arbitrary  grid)  and  the  capability  to  use  a  measured 
magnetic  field  profile  as  input  has  been  added  recently. 
Although  the  linearity  does  not  provide  the  saturated  state, 
it  does  allow  for  fast  run  times. 

2.5  TDA3D 

TDA3D  has  been  publicly  available  for  over  a  decade. 
The  latest  official  release  is  still  a  paraxial,  single¬ 
frequency  code.  Extensions  include  non-axisymmetric 
radiation  modes,  wiggler  errors,  a  strong  quadrupole 
FODO  lattice  with  arbitrary  misalignments,  as  well  as 
multi-segment  undulators.  In  “expert”  mode,  arbitrary 
quadrupole  focusing  can  be  simulated. 
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3  APS  SASE  FEL  DESCRIPTION 

The  APS  SASE  FEL  uses  either  a  thermionic  rf  or 
photocathode  rf  gun,  the  650-MeV  2856-MHz  APS  linac, 
two  new  transfer  lines,  and  a  new  undulator  hall  and 
diagnostic  end  station.  The  project  will  evolve  over  three 
phases,  to  reach  saturation  in  the  visible,  UV,  and  VUV 
wavelength  regimes,  respectively. 

The  design  is  based  on  known  gun  performance, 
constraints  imposed  by  the  APS  linac,  and  the 
characteristics  of  currently  available  undulators.  Tuning  of 
the  undulators  has  been  optimized  to  meet  the 
performance  tolerances  of  the  FEL. 

For  the  simulation,  a  set  of  parameters  for  the  first 
phase  was  used  and  a  Gaussian  electron  beam  distribution 
was  assumed  (Table  1).  Test  runs  were  made  to  determine 
the  minimum  number  of  particles  needed  in  each  code  to 
achieve  convergence.  The  optimum  wavelength, 
corresponding  to  the  minimum  gain  length,  was  then 
obtained  for  each  code  by  scanning  in  wavelength  about 
the  resonant  condition  (516.75  nm).  The  optimal 
wavelengths  for  the  five  codes  are  given  in  Table  2; 
however,  the  fitted  gain  length  is  dependent  on  the  fit 
region.  This  impacts  the  exact  determination  of  the 
minimum  and  subsequently  the  peak  power  at  saturation. 


Table  1:  Simulation  and  undulator  cell  parameters 


Parameter 

Value 

Y 

430.529 

Normalized  emittance 

5  n  mm  mrad 

Peak  current 

150  A 

Undulator  period 

3.3  cm 

Undulator  strength  (K) 

3.1 

Energy  spread 

0.1% 

Input  start-up  power 

LOW 

Undulator  Length 

2.4  m 

Focusing/diagnostics  Gap 

36  cm 

Quadrupole  strength 

20  m'2 

Quadrupole  length 

5  cm 

Table  2:  Optimum  wavelengths 


Code 

Optimum  X  (nm) 

GENESIS 

517.78 

GINGER 

516.80 

MEDUSA 

518.82 

RON 

518.8 

TDA3D 

517.78 

4  RESULTS 

In  the  first  comparison,  a  single-segment  parabolic  pole 
face  undulator  was  used.  The  actual  design  uses  multiple 
2.763-m  undulator  “cells,”  each  of  which  is  composed  of  a 
2.4-m  magnetic  segment  and  a  0.363-m  section  for 
diagnostics,  a  combined  quadrupole/corrector  magnet,  and 
drift  space.  The  second  comparison  simulates  this  actual 


case  (less  corrector  fields)  with  flat  pole  face  undulators 
and  quadrupoles  (Table  1).  Note  that  GINGER  was 
omitted  from  this  second  comparison  because  it  does  not 
easily  treat  the  segmented  undulator  case.  The  output 
power  versus  distance  along  the  undulator  for  the  single 
segment  case  is  shown  in  Figure  1.  The  curves  for 
GINGER  and  MEDUSA  are  almost  identical  and  differ 
primarily  in  that  GINGER  predicts  a  somewhat  lower 
saturated  power.  The  calculated  radiated  power  for  RON 
is  scaled  from  the  bunched  beam  current  density  that  is 
valid  for  the  behavior  in  the  exponential  growth  regime 
only  where  the  radiated  power  is  self-similar  to  the  beam 
current.  Thus,  only  the  gain  length  in  RON  should  be 
compared  with  the  other  codes.  The  gain  length  is  almost 
identical  in  GINGER,  MEDUSA  and  RON.  TDA3D  and 
GENESIS  yield  nearly  identical  results,  but  the  gain 
lengths  are  slightly  longer  than  found  by  the  other  codes. 


Figure  1 :  Single  segment  case 

The  output  power  versus  distance  for  the  multi-segment 
case  is  shown  in  Figure  2.  Here,  the  shortest  gain  length  is 
predicted  by  RON,  the  longest  by  MEDUSA,  and 
GENESIS  and  TDA3D  predict  gain  lengths  in  between 
these  other  results. 


Figure  2:  Multiple  segment  case 


Table  3  summarizes  the  saturation  point  and  power  for 
the  single-  and  multiple-segment  cases  as  determined  by 
the  four  nonlinear  codes  at  the  listed  optimal  wavelengths. 
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Table  3:  Saturation  point  and  power 


Code 

z(m) 

Case  1  (MW) 

Case  2  (MW) 

GENESIS 

15.5 

69.4 

58.0 

GINGER 

13.7 

61.7 

N/A 

MEDUSA 

14.0 

87.4 

109.4 

TDA3D 

15.4 

68.9 

61.3 

5  CONCLUSIONS 

In  summary,  GENESIS,  GINGER,  MEDUSA,  RON,  and 
TDA3D  all  show  reasonable  agreement  with  each  other 
and  with  the  linear  theory  for  the  first-phase  APS  SASE 
FEL  parameters,  giving  greater  confidence  to  the  required 
length  of  undulator  needed  to  reach  full  saturation. 


Comparisons  of  the  gain  length  predicted  by  the  codes 
and  by  the  linear  theory  for  the  single  segment  case  were 
also  performed.  The  energy  spread  was  varied  between 
0.0-0.2%,  the  peak  current  between  50-300  A,  and  the 
normalized  emittance  between  1-10  it  mm-mrad.  Figures 
3,  4,  and  5  show  the  gain  length  versus  these  variations, 
respectively.  It  is  evident  from  the  figures  that  the  codes 
are  essentially  in  reasonable  agreement  over  the  entire 
range  of  parameters  studied.  In  general,  it  appears  that 
GENESIS  and  TDA3D  predict  slightly  longer  gain  lengths 
than  the  linear  theory,  while  GINGER,  MEDUSA,  and 
RON  predict  slightly  shorter  gain  lengths.  Note  that  the 
linear  theory  is  used  for  comparison  purposes  only,  and 
should  not  be  assumed  as  “perfect”  but  considered  as  an 
additional  model.  While  the  maximum  discrepancies  are 
of  the  order  of  20%  at  some  of  the  extremes  of  these 
parameter  ranges,  the  maximum  discrepancies  are 
typically  less  than  15%  for  the  parameters  of  interest  in 
the  APS  SASE  FEL. 


Ay/YQ  (%) 

Figure  3:  Gain  length  versus  energy  spread 


Figure  4:  Gain  length  versus  peak  current 


Figure  5:  Gain  length  versus  normalized  emittance 
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MAGNETIC  MEASUREMENTS  AND  TUNING  OF  UNDULATORS 

FOR  THE  APS  FEL  PROJECT 

I.B.  Vasserman.  R.J.  Dejus,  P.K.  Den  Hartog,  M.  Erdmann,  E.  Gluskin,  E.  R.  Moog,  and  E.  M. 
Trakhtenberg,  Advanced  Photon  Source,  Argonne  National  Laboratory,  Argonne  IL  60439 


Abstract 

Two  insertion  device  magnetic  structures  have  been 
prepared  for  the  Advanced  Photon  Source  (APS)  FEL 
project  [1],  The  magnetic  structures  are  standard  APS 
undulators,  2.4  m  long  with  a  3.3-cm  period. 
Measurements  and  tuning  of  the  undulators  have  been 
completed  at  a  magnetic  gap  of  about  9.3  mm,  where  K  is 
3.1.  Special  measurement  and  tuning  techniques  woe 
used  to  satisfy  the  tight  trajectory  straightness  requirement 

2 

that  the  second  field  integral  be  less  than  3.3  kG-cm  . 
The  magnetic  field  strengths  of  the  undulators  must  be 
well  matched;  this  leads  to  the  requirement  that  the 
magnetic  gap  must  be  controlled  to  better  than  10 
microns.  Proper  phasing  between  the  undulators  is 
ensured  by  adjusting  the  length  of  the  drift  space  between 
the  undulators.  The  drift  space  length  that  is  needed  is 
strongly  affected  by  the  end  fields  of  the  magnetic 
structures.  The  results  of  measurements  of  the  magnetic 
field  and  calculations  of  the  drift  length  are  provided. 

1.  HORIZONTAL  FIELD 
MEASUREMENTS 

The  tight  requirements  for  vertical  trajectory  straightness 
of  FEL  insertion  devices  means  that  not  only  field 
integrals,  but  the  magnetic  field  map  as  well,  must  be 
measured  to  high  precision.  The  measurements  of  the 
horizontal  field  in  the  presence  of  a  strong  vertical  field 
(up  to  1  T)  is  difficult  due  to  the  planar  Hall  probe  effect 
[2],  but  precise  alignment  of  the  probe  can  eliminate  this 
effect  for  one  particular  pair  of  poles.  The  task  becomes 
even  more  complicated  for  an  undulator  with  a  large 
number  of  poles  that  are  not  aligned  with  perfect  accuracy. 
Due  to  specific  tolerances  of  each  particular  magnetic 
structure,  it  is  by  no  means  clear  that  it  is  possible  to 
align  the  probe  to  measure  the  horizontal  field  precisely 
enough  along  the  entire  device.  To  prepare  for  the  FEL 
project  at  the  APS  a  test  was  performed  to  check  the 
reliability  of  horizontal  field  measurements  [3].  Two 
types  of  probes  were  tested.  These  were  a  custom- 
designed  two-axis  Sentron  analog  Hall  transducer  [4]  and  a 
two-axis  Bell  probe.  A  stretched-wire  rotating  coil  and  an 
81-mm-long  moving  coil  were  used  to  make  the  reference 
measurements.  Insertion  device  Undulator  A  #3  was  used 
for  these  measurements  with  a  gap  of  1 1  mm  and  a  peak 
field  of  about  0.85  T.  As  the  result  of  this  test,  a  Sentron 
probe  was  chosen  for  horizontal  field  measurements.  The 
main  advantage  of  this  probe  is  its  small  sensitivity  to 
angular  orientation.  This  feature  makes  it  possible  to 
obtain  the  proper  field  map  of  a  device  with  many  periods 
and  imperfect  alignment  of  the  poles  in  the  longitudinal 


direction,  Z.  It  is  possible  to  use  a  moving  coil  to  obtain 
the  field  map  averaged  over  the  length  of  the  coil. 

Although  this  approach  is  not  sufficiently  accurate 
to  obtain  the  harmonic  spectrum,  it  is  good  enough  for 
the  trajectory  straightness  determination.  The 
disadvantage  of  the  moving  coil  is  a  zero  drift  in  the 
integrator  that  leads  to  the  need  for  a  large  data  set  and 
extensive  data  reduction  to  obtain  reliable  results. 
Consequently,  it  is  better  to  use  the  moving  coil  for 
reference  measurements  and  to  apply  the  Hall  probe  for 
tuning  purposes.  The  tests  show  that  the  Sentron  probe 
provides  reliable  results  after  proper  alignment.  The 
measurement  results  are  shown  in  Fig.  1  for  one  of  the 
devices  used  in  the  FEL  beam  line.  It  is  worth  noting 
that  a  very  precise  alignment  in  the  vertical  Y  direction  is 
required  for  this  specific  Hall  probe  and  for  the  undulator 
itself. 


Z  (mm) 

Fig.  1  Hall  probe  measurements  with  different  Y  offsets. 
A  moving  coil  reference  measurement  is  included  for 
comparison.  The  particle  energy  is  assumed  to  be  220 
MeV. 


2.  RESULTS  OF  TUNING 

The  permanent  support  system  for  the  FEL  devices  is  an 
H-style  fixed-gap  structure,  which  allows  only  minor  gap 
variations  of  9.3  ±  0.2  mm.  To  facilitate  shimming,  the 
initial  tuning  for  the  FEL  project  was  performed  using  a 
C-ffame  variable  gap  mechanism  that  allowed  full  side 
access  for  magnetic  measurements.  After  performing  the 
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Fig.  2  Horizontal  trajectory  of  the  first  two  FEL  devices.  The  dark  line  is  the  wiggle-averaged  trajectory. 


tuning  on  the  C-frame  and  moving  the  devices  to  the 

fixed-gap  support,  changes  in  the  field  integrals  and  the  3.  DISCUSSION 

sag  profile  were  measured  because  of  differences  between 
the  magnetic  structure  supporting  points.  Consequently, 

it  was  found  necessary  to  perform  a  full  set  of  We  would  like  to  discuss  some  specific  requirements 

measurements  on  the  fixed-gap  support  in  order  to  set  the  associated  with  this  project.  Planar  devices  at  small 

proper  value  of  the  wiggler  strength  parameter  K,  to  tune  energy  provide  quite  strong  natural  focusing  in  the  vertical 

the  trajectories  and  to  find  the  break  length  necessary  for  direction  due  to  edge  focusing  from  the  magnets  with 

proper  phasing  of  the  devices.  To  accomplish  this,  a  parallel  edges.  The  focusing  of  a  device  is  given  by  [6]: 

feature  was  designed  to  allow  access  to  the  gap  of  device 

for  the  magnetic  sensors  all  along  the  device  length,  and  a  Jl_  _  K2  .  2| 

set  of  measurements  was  performed  with  the  Hall  probe  f  ~  2y2  Kp  L* 

and  moving  coils  using  this  feature.  Measurements  of  the  y 

gap  at  several  locations  along  the  device  were  performed  .  .  ,  ,  .  ,  , 

with  an  accuracy  better  than  5  pm  to  provide  a  reference  where  the  relativistic  y  is  the  ratio  between  the  particle  s 

so  the  gap  profile  could  be  reproduced  after  moving  the  tota^  enerSY  ^  rest  energy,  kp-27t/A,w,  fy  is  the 

device  to  its  location  on  the  beam  line.  The  break  length  focusing  length  of  the  device,  Lw  is  the  total  length  of  the 

required  for  proper  phasing  was  calculated  from  measured  device,  and  is  the  period  length  of  the  wiggler  or 
data  using  the  upgraded  MA  code  [5].  The  device  was  undulator. 

divided  into  3  parts:  a  central  part,  and  upstream  and  This  focusing  makes  the  vertical  alignment  of  the 

downstream  terminations.  Polynomial  fitting  was  device  critical:  in  our  case  the  device  must  be  aligned  with 
performed  to  smooth  the  changes  associated  with  local  an  accuracy  of  50  pm.  It  also  means  that  measurement  of 

distortion  of  phases.  The  break  length  is  strongly  affected  the  magnetic  center  of  the  device  is  necessary  in  order  to 

by  the  specific  sag  configuration  of  the  device  and  varies  find  the  difference  between  the  magnetic  and  the  geometric 

by  a  few  millimeters  from  device  to  device  (see  Table  1).  center,  if  any.  Such  measurements  were  performed  using 

the  well-known  fact  that  the  vertical  magnetic  field  has  its 
TABLE  1  minimum  at  the  median  plane  of  the  pair  of  poles  that  is 

the  source  of  the  magnetic  field  in  hybrid  structure 
devices.  Scanning  of  the  field  in  the  vertical  direction 
using  the  Hall  probe  allows  one  to  obtain  the  location  of 
the  magnetic  center  with  a  precision  better  than  ±10  pm. 
The  set  of  measurements  performed  on  the  FEL  devices 
showed  that  the  magnetic  and  geometric  centers  coincide 
It  is  possible  to  change  the  required  break  length  to  some  more  closely  than  the  position  accuracy  required  [1]. 

extent  by  phase  shimming.  The  results  of  final  tuning  are  While  there  are  local  distortions  associated  with 

shown  in  Figs.  2  and  3  for  horizontal  and  vertical  shimming  at  a  particular  pole  or  with  the  strength  of  the 

trajectories,  respectively.  The  requirement  of  3.3  kG-cm2  ad{acent  P™nent  magnets  (see  Fig.4),  the  averaged 

corresponds  to  45  pm  of  trajectory  displacement  for  a  behavior  of  the  magnetic  center  follows  the  geometric 

particle  energy  of  220  MeV.  The  maximum  distortions  cuenter  <lulte  ™1S  means  [hat  f°r  our  particular  case 

for  the  first  two  devices  are  smaller  than  ±15  pm.  geometry  of  the  devlce  can  be  used  as  the  reference  for 

alignment. 
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Fig.  3  Vertical  trajectory  of  the  first  two  FEL  devices 
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Fig.  4.  Position  of  magnetic  centers  for  UNA#21.  The 
solid  line  shows  the  fit  to  the  data;  the  corresponding  fit 
for  a  gap  of  10.0  mm  is  shown  for  reference.  The  overall 
40  |xm  slope  is  due  to  the  geometrical  misalignment  of 
the  sensor  and  device. 
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Abstract 

The  linear  integral  equation  based  computer  code  (RON: 
“Roger  Oleg  Nikolai”),  which  was  recently  developed  at 
Argonne  National  Laboratory,  was  used  to  calculate  the 
self-amplified  spontaneous  emission  (SASE)  performance 
of  the  free-electron  laser  (FEL)  being  built  at  Argonne. 
Signal  growth  calculations  under  different  conditions  are 
used  for  estimating  tolerances  of  actual  design 
parameters.  The  radiation  characteristics  are  discussed, 
and  calculations  using  an  ideal  undulator  magnetic  field 
and  a  real  measured  magnetic  field  will  be  compared  and 
discussed. 

1  INTRODUCTION 

The  code  RON  was  derived  from  a  system  of  linear 
integral  equations  for  the  particle  distribution  function  in 
a  high-gain  FEL  [1,  2]  and  was  developed  to  aid  in  the 
actual  design  of  the  SASE  FEL  at  Argonne.  Specifically 
it  can  take  into  account  nonideal  magnetic  systems  such 
as  segmented  undulators  with  distributed  focusing  and 
real  measured  magnetic  fields.  A  series  of  comparisons 
with  other  codes  was  conducted  recently,  and  the  results 
are  presented  elsewhere  [3]. 

The  system  of  linear  equations  describes  the 
evolution  of  the  Fourier  harmonics  of  the  electron  beam 
current  densities  (a  set  of  “thin”  beams  simulates  the 
emittance  of  the  real  beam)  versus  the  longitudinal 
coordinate  z,  which  in  the  exponential  growth  regime 
scale  self-similar  to  the  radiated  power.  To  simulate  the 
SASE  mode,  i.e.,  the  growth  of  initially  uncorrelated 
density  fluctuations,  the  initial  currents  for  all  but  one 
beam  were  set  to  zero  (similar  to  the  calculation  of  the 
Green’s  function  for  density  fluctuations).  It  corresponds 
to  the  situation  when  one  particle  (delta  function  of  the 
electric  current)  is  added  to  the  beam  with  a  time- 
independent  (constant)  current;  then  the  charge  density 
perturbation  in  the  beam  caused  by  the  radiation  of  the 
particle  is  calculated.  The  code  also  allows  for  the  input 
of  an  external  electromagnetic  wave  (the  seed  signal)  in 
the  form  of  a  Gaussian  beam. 


"Work  supported  in  part  by  the  U.S.  Department  of  Energy,  BES,  under 
contract  No.  W-31-109-ENG-38. 
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2  CALCULATIONS 

Initially  we  used  RON  to  calculate  signal  growth  of  the 
beam  current  density  under  different  conditions  and  to 
determine  tolerances  for  the  beam  and  the  undulator 
segments.  More  recently  we  have  added  explicit 
calculation  of  the  radiation  field  (on  an  arbitrary  grid)  and 
the  capability  to  study  the  effect  of  real  magnetic  field 
errors  on  the  performance.  Further,  since  the  code  is  fast, 
it  has  been  feasible  to  run  the  code  in  an  optimization 
algorithm  to  determine  the  optimal  break  length  between 
undulator  segments.  In  the  following,  we  present  some  of 
our  recent  results. 

2.1  Beam  and  mechanical  tolerances 

The  code  was  initially  used  to  investigate  a  variety  of 
different  mechanical  designs  including  finding  tolerances 
of  important  parameters  for  the  design.  First  we  showed 
that  a  high-gain  FEL  could  be  built  without  any 
significant  loss  in  performance  by  using  a  distributed 
focusing  approach  with  separated  quadrupoles  in  break 
sections  (between  planar  undulator  sections)  instead  of  a 
combined  focusing  undulator  design.  Second,  alignment 
and  beam  tolerances  were  determined  for  the  current  FEL 
design  with  distributed  focusing.  We  found  that  the 
undulators  need  to  be  aligned  to  better  than  50  pm 
vertically,  but  both  longitudinally  and  horizontally  the 
tolerances  are  much  more  relaxed  (1.0  mm).  A  summary 
of  the  results  including  beam  tolerances  is  given  in  [4,  5]. 
We  also  made  initial  investigations  of  the  sensitivity  to 
magnetic  field  errors  and  found  that  a  A K/K  ~  0.01/3.1  ~ 
0.3%  variation  between  undulator  segments  was  well 
within  an  acceptable  range.  This  value  was  later 
confirmed  using  a  measured  magnetic  field  as  input  -  also 
see  section  2.4  below. 

2.2  Optimal  break  length  between  undulator 
segments 

The  calculation  of  the  optimal  length  of  the  breaks 
between  undulators  has  to  take  into  account  the  real 
magnetic  field  at  the  ends  of  undulators.  It  has  been 
possible  to  run  the  code  in  an  optimization  loop  to 
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optimize  the  break  length  between  undulator  segments 
because  of  its  speed  (less  than  one  min  on  a  Pentium  II 
333  MHz  PC  per  function  evaluation).  Optimization  was 
carried  out  by  varying  two  parameters:  the  detuning 
parameter  (radiation  frequency)  and  the  break  length. 
The  value  of  the  current  density  after  five  undulator 
sections  was  chosen  as  the  figure  of  merit  and  the 
optimization  was  done  using  the  Newton  method.  A 
typical  optimization  run  took  about  one  hour. 


2.3  Radiation  field 

In  the  actual  design,  equipment  is  installed  in  each  break 
section  for  beam  and  radiation  diagnostics.  It  is  extremely 
valuable  to  be  able  to  calculate  the  radiation  that  can  be 
measured  experimentally,  and  we  have  therefore  extended 
the  code  to  calculate  the  radiation  field  on  an  arbitrary 
grid  outside  any  undulator  segment.  We  calculate  the 
electrical  field  in  the  paraxial  approximation  that  is  given 
by  the  following  expression 


n  ik(z-z') 


it(x-XjMy-yJ 


Jxe 


0  * 


Z-Z 


-dz\ 


where  c  is  the  speed  of  light,  k  =  a/c  is  the  wave  number, 
jf  is  the  Jc-component  of  n-th  beam  current,  and  r  is  the 
screen  coordinate.  The  radiation  pattern  shown  in  Fig.  1 
was  obtained  near  the  fundamental  wavelength  at  518  nm 
at  8.0  m  from  the  end  of  the  first  undulator  segment 
(when  only  one  undulator  segment  is  installed)  using  a 
beam  energy  of  220  MeV. 


Figure  1:  Angular  distribution  of  the  radiation  field 
(square  of  the  amplitude  of  the  electric  field).  The  angles 
are  given  in  units  of  the  inherent  radiation  opening  angle 

4IJ2L,  where  A  is  the  wavelength  and  L  is  the  length 
of  one  undulator  segment. 


2.4  Results  using  a  measured  magnetic  field 

Magnetic  measurements  of  the  undulators  consist  of  large 
arrays  of  field  values  with  typically  up  to  one  hundred 
points  per  undulator  period.  The  period-averaged  code 
RON  needs  a  transformation  of  these  arrays  to  smaller 
arrays  with  a  fewer  number  of  points,  which  to  first  order 
have  the  same  influence  on  the  particle  motion.  At  each 
integration  step  in  RON,  the  values  of  the  undulator 
deflection  parameter  K  and  the  vertical  and  the  horizontal 
kick  angles  are  read.  (The  integration  step  is  typically 
one  or  several  periods  long.)  A  utility  code  was  written 
that  finds  the  arrays  of  undulator  deflection  parameters  (K 
values)  and  horizontal  kicks  from  a  measured  vertical 
magnetic  field.  (For  the  Argonne  FEL,  there  is  no 
horizontal  focusing  by  the  undulators.)  The  array  of  kicks 
was  calculated  to  provide  the  same  horizontal 
displacement  at  the  end  of  each  step  as  the  averaged  real 
field  (see  polygonal  approximation  in  Fig.  2).  The  array 
of  K  values  was  derived  from  the  slope  of  the  phase 
versus  distance.  An  “effective”  magnetic  length  of  the 
undulator  was  also  determined  by  adjusting  the  length  of 
the  first  and  the  last  integration  step. 
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Figure  2:  Approximation  of  the  real  electron  trajectory 
with  a  polygonal  curve.  Real  trajectory  (thin  solid  curve), 
averaged  trajectory  (dashed  curve),  and  polygonal 
approximation  (thick  solid  curve)  for  one  undulator 
segment  calculated  at  220  MeV. 

The  typical  change  in  the  K  value  from  one  step  to 
another  was  about  0.3%  as  found  from  the  utility  code. 
For  simulation  purposes,  we  replicated  the  input  values 
for  five  undulator  segments  because  we  had  measured 
data  for  only  one  undulator.  The  calculated  bunching  of 
the  beam  current  density  is  shown  in  Fig.  3. 

Our  results  indicate  that  the  magnetic  field  errors  of 
real  undulators  for  the  Argonne  FEL  have  little  influence 
on  the  FEL  performance.  This  is  indeed  a  very  important 
result,  and  it  indicates  that  the  undulators  fabricated  for 
this  project  are  of  high  quality  and  in  many  cases  may  be 
treated  as  ideal.  The  measurement  and  tuning  of  the 
undulators  are  described  elsewhere  [6]. 


2493 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Figure  3:  The  calculated  natural  logarithm  of  the  beam 
current  density  (top)  and  the  dimensionless  scaling  factor 
(bottom)  for  the  FEL  using  a  replicated  measured 
magnetic  field  from  one  undulator  (dotted  curve)  versus 
an  ideal  field  (solid  curve). 


3  SUMMARY 

We  have  provided  a  few  examples  of  the  flexibility  of  the 
code  RON,  which  has  been  valuable  in  the  actual  design 
of  the  undulator  and  break  sections  of  the  Argonne  FEL. 
Further  developments  of  the  code  include  a  more  accurate 
simulation  of  undulator  displacements  and  improvements 
to  the  initial  transverse  beam  distribution  functions  (for 
simulation  of  the  emittance),  which  is  especially 
important  for  simulation  of  shorter  wavelength  FELs.  The 
option  to  take  into  account  horizontal  field  errors  is  also 
in  progress. 
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Abstract 

We  investigate  finite  pulse  effects  in  self-amplified  spon¬ 
taneous  emission  (SASE),  especially  the  role  of  coherent 
spontaneous  emission  (CSE)  in  the  start  and  the  evolu¬ 
tion  of  the  free-electron  laser  (FEL)  process.  When  the 
EEL  interaction  is  negligible,  we  solve  the  one-dimensional 
Maxwell  equation  exactly  and  clarify  the  meaning  of  the 
slowly  varying  envelope  approximation  (SVEA).  In  the 
exponential  gain  regime,  we  solve  the  coupled  Vlasov- 
Maxwell  equations  and  extend  the  linear  theory  to  a 
bunched  beam  with  energy  spread.  A  time-dependent,  non¬ 
linear  simulation  algorithm  is  employed  to  study  the  CSE 
effect  for  a  general  beam  distribution. 

1  INTRODUCTION 

Coherent  spontaneous  emission  (CSE)  has  attracted  much 
attention  as  the  electron  bunches  become  shorter  and  more 
intense  in  current  experiments  demonstrating  the  principle 
of  self-amplified  spontaneous  emission  (SASE).  The  one¬ 
dimensional  (ID)  theory  of  SASE  [1,  2]  is  based  on  the 
solution  of  the  linearized  Vlasov-Maxwell  equations,  for 
the  cases  of  a  coasting  beam  with  energy  spread  [1]  and 
a  bunched  monochromatic  beam  [2],  Attempts  have  been 
made  to  include  the  energy  spread  for  a  bunched  beam, 
but  only  coherent  bunching  at  the  resonant  wavelength  was 
considered  [3].  In  Ref.  [4],  the  evolution  of  the  electric 
field  is  studied  with  the  individual  particle  formulation  for 
a  bunched  monochromatic  beam,  and  the  contribution  of 
the  incoherent  and  the  coherent  SASE  are  identified.  In 
this  paper,  we  extend  the  linear  theory  to  a  bunched  beam 
with  energy  spread  and  calculate  the  effect  of  CSE  for  the 
high  gain  FEL.  We  also  present  a  time-dependent,  nonlin¬ 
ear  simulation  algorithm  that  takes  CSE  into  account  for  an 
arbitrary  beam  distribution. 

2  COHERENT  SPONTANEOUS 
EMISSION 

The  ID  Maxwell  equation  for  the  transverse  electric  field 
of  a  plane  wave  propagating  along  the  undulator  axis  z  is 


with  e  =  x  (a  unit  vector  in  the  x  direction)  for  a  planar 
undulator  and  e  =  x  ±  iy  for  a  helical  undulator,  we  have 

K  N 

J  =  -7T— e~ikuZ  V]6  (z  -  Zj(t))  Q(t  -  tj),  (2) 
2cr  7o  fri 

where  a  is  the  beam  cross  section,  K  is  the  undulator 
strength  parameter  for  the  helical  undulator  and  K[J J]  for 
the  planar  undulator  after  averaging  over  the  undulator  pe¬ 
riod  ku.  We  have  also  assumed  that  the  jth  electron  enters 
the  undulator  at  t  =  tj(j  =  1, ...,  N)  and  z  =  0.  Thus,  the 
longitudinal  position  of  the  electron  is  zj(t)  =  j3c(t  —  tj), 
where  pc  is  the  average  longitudinal  velocity.  0(f)  is  the 
step  function,  i.e.,  0(f)  =  1  for  f  >  0  and  0  otherwise. 

In  the  absence  of  FEL  interaction,  the  electric  field  in  the 
form  E±  =  eE(z,  t)  +  c.c  is  found  to  be 


+- 


j= 1  1 

e-ikh[z+c(t-tj)] 


Pc{t  —  tj)  <  Z  <c(t  -  tj) 


(1  +  3) 
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where  «i  =  ecZoK/(4aj0)>  Z0  =  cfi0  ~  3770,  and  the 
forward  and  the  backward  wavenumbers  are 


kf  = 


kuP 

1-/3’ 
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kuP 
1  +  P' 


(4) 


Equation  (3)  describes  a  sum  of  N  forward  and  backward 
wave  packets,  with  the  forward  wave  packets  having  much 
higher  amplitude  and  shorter  duration  due  to  relativity. 

For  coherent  spontaneous  emission,  we  can  define  a  rel¬ 
ative  position  £  =  z  —  pet  along  the  bunch  and  turn  the 
sum  into  an  integral  by  using  the  smooth  approximation 


N 


£ 


no  J  d(£')x(£')> 


where  no  is  the  maximum  line  density  and  x(f )  is  the  initial 
bunch  density  function  (0  <  x{0  <  !)•  For  a  single-step 
pulse,  x(0  =  ©(-£)’  the  electric  field  in  front  of  the  pulse 
(0  <  £  <  (1  -  P)z)  is 


(dz2  <Pdt^)^Z,i)  ^  (1) 

where  no  is  the  permeability  of  free  space,  and  the  charge 
density  term  is  absent  here  due  to  transverse  uniformity. 
Writing  the  transverse  current  as  J±  (z,  t )  =  eJ(z,  t)  +  c.c., 
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(6) 


Only  the  forward  wave  component  is  present  as  expected. 
The  constant  term  terminates  the  field  at  the  slippage  dis¬ 
tance  £s  =  (1  —  P)z.  The  electric  field  inside  the  pulse  is 
given  by 


Ec  =  [l  -  e~ik»(z+ct)  1  (7) 

%k-n  J 
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Thus,  the  coherent  radiation  comes  from  the  sharp  edge  at 
£  =  0  for  such  a  single-step  pulse  or  from  any  density  gra¬ 
dient  for  a  general  bunch  distribution.  A  flat-top  bunch  can 
be  constructed  from  two  single-step  pulses  separated  by  the 
bunch  length  h,  and  the  relative  intensity  of  the  incoherent 
versus  the  coherent  spontaneous  emissions  can  be  obtained 
from  Eqs.  (3)  and  (6): 


Iincoh  Nkj  (kflb)2  _  1  (2nlbV 
Icoh  n2  N  N\  Xr  )  ’ 


(8) 


where  Ar  =  (1  —  /3)Xu/f3  is  the  forward  resonant  wave¬ 
length.  Equation  (8)  was  derived  in  Ref.  [5]  by  considering 
the  initial  coherent  bunching  factor.  For  N  ~  1010  and 
h  ~  2  mm,  Ar  <  120  nm  makes  the  incoherent  power 
larger,  while  Ar  >  120  nm  favors  the  coherent  power. 
Thus,  the  CSE  effect  should  be  negligible  for  the  proposed 
x-ray  FEL  projects,  but  may  play  a  significant  role  in  cur¬ 
rent  experiments  in  the  IR  and  visible  region.  We  note  that 
the  flat-top  model  requires  the  electron  density  to  vanish 
within  Ar  and  tends  to  exaggerate  the  coherent  effect. 


The  Vlasov  equation  for  the  electron  distribution  is  [1,  2] 


dF 

dz 


dF  dF 


(15) 


where  k2  =  eK/ (2'yfimc2)  is  a  constant. 

In  the  exponential  gain  regime  and  without  external  field, 
we  can  regard  the  electric  field  in  Eq.  (15)  as  a  small,  first- 
order  quantity.  This  includes  the  coherent  and  the  incoher¬ 
ent  spontaneous  emissions  as  well  as  the  stimulated  emis¬ 
sion.  Hence  the  distribution  function  F  consists  of  two 
terms:  the  zeroth-order  term  is  the  initial  smooth  distribu¬ 
tion  given  by 


F0(9,  T),  z)  =  x(9  -  2kur]z)V (77),  (16) 


where  V  (77)  is  the  initial  energy  spread  of  the  beam  nor¬ 
malized  to  f  d,TjV{rj)  =  1,  and  the  first-order  term  A F 
contains  both  the  initial  fluctuation  AFo  and  the  bunching 
behavior  through  FEL  interaction.  Approximating  F  with 
Fo  in  the  third  term  of  Eq.  (15)  yields 


3  LINEAR  ANALYSIS 

For  FEL  interaction,  the  backward  wave  is  dropped  and  the 
slowly  varying  envelope  approximation  (SVEA)  is  invoked 
in  the  form 

E(z,t)  =  £(z,t)eik'<~2-ct\ 

J(z,t)  =  J(z,t)eik'(z~ct\  (9) 

where  £  and  J  are  assumed  to  vary  slowly  with  z  and  t. 
The  Maxwell  equation  becomes 


It  is  convenient  to  define  the  electron  coordinate  as 
6  =  kf{z  -  ct) +  kuz  = -^~-^{z  - /3ct)  Kkf^,  (11) 

and  change  the  independent  variables  from  ( z ,  t )  to  (z,  9). 
From  Eq.  (2),  the  transverse  current  is 

J=-^kf'£W-9j)e~ie,  (12) 

2<j7o  ^ 

where  9j  =  — kfdj .  Inserting  this  into  Eq.  (10),  we  repro¬ 
duce  the  forward  wave  component  of  Eq.  (3). 

The  phase  space  distribution  of  the  electron  beam  is 
given  by  the  Klimontovich  distribution  [1] 

k  N 

F(9,rj,z)  =  -r'Y^5{9-9j{z))5{Tt-r]j{z)),  (13) 

n°  3=1 

where  77  =  (7—70) /70  is  the  conjugate  variable  to  9.  Equa¬ 
tion  (10)  can  now  be  written  as 

(Jz  +ku§e)  £  ~  Kin°e_,<?/ dr)F(9,i],z).  (14) 


fz  d 

AF  =  AF0  +  k;2  /  ds£{9o,s)e10°  —  F0(90,r),s), 
Jo  urj 


(17) 


where  90  =  9  —  2kurjz  +  2kurjs.  Since  the  FEL  gain  be¬ 
comes  negligible  when  the  width  of  V  (77)  is  much  larger 
than  the  FEL  parameter  p  [1],  where 


(  e2cZ0K2n0  A 
\32'y2mc2k2a  J 


we  have  2kur]z  ~  2 knpz  ~  27t  in  the  exponential  gain 
regime.  We  can  therefore  make  the  approximation  60  k  9 
in  the  slowly  varying  £  and  Fo  but  keep  the  fast  oscillatory 
phase  el9°.  Inserting  Eqs.  (16)  and  (17)  into  Eq.  (14)  and 
applying  the  Laplace  transformation,  we  obtain 

[  dr]YM- 

ku  J  27 rz  J  at) 

3 

x  exp  {-2ipz  J  dr}d^[dr^  j ^  x(9')d9'\  .  (19) 


The  A-integration  is  along  a  straight  path  parallel  to  the 
real  axis  and  below  all  singularities  of  the  integrand.  It  is 
nonzero  only  when  9  —  9j  <  kuz  or  £  —  £7  <  £s  (the  slip¬ 
page  length).  Hence  the  total  electric  field  at  9  is  the  sum 
of  fields  that  originated  from  the  discrete  radiators  prior  to 
9  but  within  the  slippage  length.  The  electron  gain  medium 
is  treated  as  a  continuous  fluid  a  la  Vlasov  and  is  justified 
in  Ref.  [4].  For  a  monochromatic  beam  with  V (77)  =  6 {rj), 
Eq.  (19)  reproduces  the  result  of  Ref.  [2].  Coherent  SASE 
can  be  evaluated  by  turning  the  sum  into  an  integral  follow¬ 
ing  Eq.  (5)  and  calculating  the  contribution  of  the  essential 
singularity  at  A  =  0  numerically  [4], 
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Following  Ref.  [4],  one  can  re-express  Eq.  (19)  as: 


£(z,6) 


,  «1«>  ,C 

it  S' 


oo+ic 


3 

fd\  e™k-z  f,V(v) 
J  2ni  D(\,v,6,0j)  J  ^  A  —  77  ’ 


OO +2£ 
2i\kvz 


dv 
— -e 
27Tt 


where  e  is  an  infinitesimal  and  positive  number, 


D(\,v,Q,8j)  =  A  -  |  +  A>(Mi)  / (20 
and 

Oj)  =  Jg 9  XW'W  ^  L  ^ 


Position  along  the  bunch 

Figure  1:  Coherent  SASE  intensity  |ac|2  versus  2p0  (p  = 
1/(407 r),  2  =  5):  (a)  without  initial  energy  spread,  (b)  with 
a  flat-top  energy  spread  of  width  p. 


For  the  coasting  beam,  w(0,  O')  =  1  and  D( A,  1/)  =  0  is  the 
dispersion  relation  including  the  energy  spread  [1].  Equa¬ 
tion  (21)  provides  a  generalization  to  the  bunched  beam. 
When  the  bunch  distribution  does  not  change  appreciably 
over  the  slippage  length,  w(0,8j )  «  x(@)  from  Eq.  (22), 
and  the  FEL  gain  is  affected  only  by  the  local  electron  cur¬ 
rent  as  expected. 

4  SIMULATION  ALGORITHM 

In  order  to  handle  a  general  beam  distribution  and  to  study 
the  nonlinear  regime,  we  have  developed  a  simulation  code 
that  is  based  on  the  individual  particle  formulation  of  FEL 
equations: 


dOj 

“ d¥  =  ** 

(23) 

~r  =  - ae1 6  +  c.c., 
az 

(24) 

'  d 
d~z  + 

(25) 

where  z  =  2 kupz,  fj  =  rj/p,  and  a  =  2pgkuS /(kiT10) 
is  the  scaled  electric  field.  Equation  (25)  follows  directly 
from  Eq.  (14),  where  the  contribution  of  the  smooth  (co¬ 
herent)  distribution  and  the  fluctuating  (incoherent)  part  are 
explicitly  separated  into  two  terms.  The  partial  derivative 
with  respect  to  0  in  Eq.  (25)  describes  the  slippage  between 
the  electron  and  the  radiation  field. 

A  time-dependent  simulation  algorithm  [6]  can  be  con¬ 
structed  to  take  into  account  the  slippage  effect:  one  first 
divides  the  bunch  into  Nb  =  4/Ar  buckets  and  loads  each 
bucket  with  simulation  particles  that  are  uniform  in  9  and 
have  the  proper  energy  spread.  Apply  Eqs.  (23),  (24)  and 
(25)  without  the  slippage  term  in  each  bucket,  and  then  slip 
the  computed  field  one  bucket  forward  after  each  undula- 
tor  period.  To  start  up  the  FEL  process,  one  either  gives  a 
small  initial  bunching  60  [6]  or  uses  the  shot  noise  simula¬ 
tion  algorithm  of  Ref.  [7].  However,  such  a  discretization 
is  not  adequate  for  CSE  simulation  because  the  bunch  dis¬ 
tribution  function  x(0)  is  only  sampled  with  a  sampling 


interval  Ar.  Thus,  the  Fourier  transform  of  x(8)  is  defined 
only  between  the  Nyquist  critical  frequency  fc  —  c/(2Ar) 
or  ujc  =  ckf  /2,  and  the  coherent  bunching  around  the  res¬ 
onant  frequency  ckf  is  left  out. 

We  modify  this  time-dependent  approach  to  include  the 
CSE  effect  by  decreasing  the  sampling  interval  to  cover 
the  resonant  part  of  the  bunch  spectrum.  For  example,  we 
can  divide  the  bunch  into  8 Nb  sections  so  that  the  criti¬ 
cal  frequency  is  4  ckf.  The  spectral  power  outside  this  fre¬ 
quency  range  should  be  sufficiently  small  to  eliminate  the 
effect  of  aliasing.  The  electric  field  is  computed  and  aver¬ 
aged  over  the  resonant  wavelength,  in  consistent  with  the 
slowly  varying  envelope  approximation.  Compared  with 
the  multi-frequency  approach  to  CSE  simulation  [8],  the 
time-dependent  approach  is  more  straightforward  and  can 
include  the  shot  noise  in  a  natural  way.  Figure  1  shows  an 
example  of  simulation  where  we  have  intentionally  turned 
the  noise  off.  The  bunch  is  assumed  to  be  longer  than  the 
slippage  length.  CSE  from  the  trailing  part  of  the  bunch 
within  the  slippage  length  (i.e.,  0  <  2 pO  <  z)  has  been 
amplified  and  is  shown  in  Fig.  1(a)  for  a  case  without  ini¬ 
tial  energy  spread  and  in  Fig.  1(b)  for  the  case  with  a  flat- 
top  energy  spread  of  width  p.  Figure  1(a)  agrees  very  well 
with  the  calculation  of  Eq.  (19).  Such  a  simulation  tech¬ 
nique  is  also  capable  of  studying  the  nonlinear  behavior  of 
the  incoherent  and  the  coherent  SASE. 
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Abstract 


We  describe  an  experimental  set-up  and  measurement  tech¬ 
nique  for  measurement  of  the  FEL  gain  at  the  Advanced 
Light  Source.  Measurement  results  are  compared  with 
computer  simulations  and  analitical  expression  that  in¬ 
cludes  effects  of  the  laser  beam  difraction  and  finite  elec¬ 
tron  beam  size. 

1  INTRODUCTION 

This  work  is  a  part  of  a  broader  research  effort  to  develop 
a  source  of  femtosecond  x-ray  pulses  based  on  an  electron 
storage  ring  [1].  The  technique  that  we  are  currently  using 
at  the  ALS  is  based  on  energy  modulation  of  the  electrons 
as  they  traverse  the  wiggler  with  a  co-propagating  fem¬ 
tosecond  laser  pulse  [2].  The  optimal  interaction  of  the 
electrons  with  the  electric  field  in  the  laser  pulse  occurs 
when  spontaneous  electron  radiation  in  the  wiggler  over¬ 
laps  with  the  field  of  laser  radiation  in  the  transverse  phase 
space,  and  when  frequencies  and  spectral  bandwidths  of 
the  electron  emission  and  laser  radiation  are  matched.  The 
same  conditions  are  required  for  achieving  the  maximum 
gain  in  the  laser  intensity,  except  the  laser  frequency  is 
shifted  to  the  point  where  the  derivative  of  the  spectral 
function  of  the  electron  spontaneous  emission  in  the  wig¬ 
gler  has  a  maximum  (Madey’s  theorem  [3]).  Therefore,  we 
determine  the  amplitude  of  the  laser/e-beam  energy  modu¬ 
lation  by  measuring  the  gain  in  the  laser  intensity  and  use 
this  as  a  diagnostic  tool  for  a  fine  tuning  of  the  experimental 
conditions. 

2  MEASUREMENTS 

Measurements  of  the  gain  of  the  laser  pulse  intensity  for 
a  laser  pulse  co-propagating  with  an  electron  bunch  in 
the  wiggler  magnet  have  been  performed  at  the  Advanced 
Light  Source.  We  use  the  electron  beam  at  1.5  GeV  with 
horizontal  and  vertical  beam  emittances  of  4xl0_7cm  and 
lxl0  8cm  respectively  and  energy  spread  of  8xl0-4.  The 
wiggler  magnet  has  a  period  A™=16  cm,  19  periods  and  its 
gap  is  adjusted  to  allow  first  harmonic  electron  emission 
at  ~800  nm  (wiggler  deflection  parameter  aw  ~  13).  A 
schematic  of  the  experimental  set  up  is  shown  in  Figure  1. 

The  laser  system  consists  of  a  Ti:Sapphire  laser  oscilla¬ 
tor,  stretcher,  amplifier,  and  compressor.  It  produces  ~0.5 
mJ,  ~70  fs  laser  pulses  at  1  kHz  repetition  rate.  The 
laser  oscillator  is  synchronized  to  the  storage  ring  RF  mas- 
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Figure  1 :  The  layout  of  the  experiment. 

ter  oscillator.  The  amplified  Ti:Sapphire  laser  pulses  en¬ 
ter  the  main  vacuum  chamber  through  a  back-tangent  win¬ 
dow  in  the  vacuum  chamber  of  the  wiggler  insertion  and 
co-propagate  with  the  electron  beam  through  wiggler.  A 
mirror  following  the  wiggler  reflects  the  laser  light  and  the 
electron  wiggler  emission  out  of  the  vacuum  chamber  for 
diagnostic  purposes.  Images  of  the  near  field  and  far  field 
wiggler  radiation  are  observed  on  a  CCD  camera,  and  the 
near  and  far  field  modes  of  the  laser  propagating  through 
the  wiggler  are  matched  to  the  wiggler  radiation  using  a 
remotely  adjustable  telescope  at  the  back  tangent  port.  A 
band-pass  interference  filter  with  ~40  nm  bandwidth  at  800 
nm  is  inserted  in  front  of  the  CCD  in  order  to  discriminate 
the  higher-order  harmonics.  Spectra  are  measured  using 


Figure  2:  A  schematic  of  the  gain  measurement  (IF  -  inter¬ 
ference  filter,  LA  -  lock-in  amplifier). 

a  spectrometer.  Temporal  overlap  between  the  laser  pulse 
and  a  single  electron  bunch  is  accomplished  by  monitoring 
both  pulses  using  a  high-speed  (~100  ps  FWHM)  photodi- 
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ode,  and  adjusting  the  path  delay  of  the  laser  pulse. 

Laser  gain  is  measured  with  the  following  technique. 
Two  interference  filters  with  bandwidth  ~  10  nm  are  used  to 
select  two  portions  of  the  broadband  laser  spectrum  which 
are  near  the  maximum  and  minimum  of  the  gain  curve  at 
~815  nm  and  ~785  nm  (see,  Figure  2).  This  technique 
provides  the  additional  advantage  of  differential  detection, 
which  effectively  doubles  the  measured  signal,  and  elimi¬ 
nates  noise  due  to  laser  power  fluctuations.  The  observed 
gain  is  modulated  on  and  off  by  shifting  the  laser  pulse  tim¬ 
ing  by  14  ns  (a  round  trip  time  in  the  laser  oscillator)  to  be 
coincident  and  anti-coincident  with  the  electron  bunch  at  a 
modulation  frequency  of  ~200  Hz.  This  allows  for  phase- 


Figure  3:  A  schematic  of  the  gain  modulation. 

locked  detection  of  the  laser  gain.  During  multibunch  oper¬ 
ation  the  measurement  is  conducted  with  a  single  electron 
bunch  positioned  in  the  gap  of  the  bunch  train  as  shown  in 
Figure  3.  A  result  of  the  gain  measurement  is  shown  in  Fig¬ 
ure  4.  During  this  measurement  a  short  ~70  fs  laser  pulse 
is  scanned  in  time  through  the  electron  bunch  thus  reveal¬ 
ing  the  electron  bunch  longitudinal  structure.  We  show  in 
the  next  section  that  the  gain  is  proportional  to  the  electron 
peak  current. 


Figure  4:  Gain  measurement  at  different  time  delays  of  the 
femtosecond  laser  pulse. 

3  ANALYSIS 

An  expression  for  the  small  signal  gain  of  the  laser  spec¬ 
tral  intensity  in  the  FEL  including  effects  of  the  laser  beam 


diffraction  and  finite  electron  beam  size  has  previously 
been  found  in  [5],  Re-written  for  a  planar  wiggler  and  for 
arbitrary  wiggler  deflection  parameter  aw  it  is: 

9(u,<t±,Zr)  =  -4T^7^(27rM)2-f  q), 

1  +  a*,/ 2  7-M 

(1) 

where  7  is  the  Lorentz  factor,  I  is  the  electron  peak  cur¬ 
rent,  I  a  —17  kA  is  the  Alfven  current,  M  is  the  num¬ 
ber  of  wiggler  periods,  and  the  functional  dependence  of 
g  on  frequency  u>,  electron  beam  size  in  the  wiggler  a±, 
and  Rayleigh  length  Zr,  is  described  by  the  gain  function 
f{v,  £,  q )  with  variables  q  =  L/Zr,  where  L  is  the  wiggler 
length,  £  =  ka \/Zr,  where  k  is  the  laser  wave  number, 
and  v  =  2tt M  where  we  =  ^737^72  is  the  fre¬ 
quency  of  the  electron  wiggler  emission  and  c  is  the  speed 
of  light: 

f(v,€,q)  =  Re-j-  f  dr  f  dr'x  (2) 
dv  J 0.5  J 0.5 

q  exp  {—iu  (r  —  r')} 

(1  +  iqr')  (1  —  iqr)  +  £  (2  +  iqr'  -  iqr )  ’ 


Figure  5:  Gain  function  f{a,£,q)  calculated  at  £=0  and 
q  =  4  (red  curve).  Dashed  blue  curve  is  the  gain  function 
in  one  dimensional  approximation. 

The  function  f{u,  £,  q)  calculated  at  q  =  4  (shown  to 
be  an  optimal  choice  for  a  maximum  gain  [5])  and  £  =  0 
is  plotted  in  Figure  5.  For  a  comparison  we  also  plot  the 
gain  function  d/d{u/ 2)  [2sin(t//2)/t/]2  [3]  that  character¬ 
izes  the  small  signal  FEL  gain  for  a  ID  case  (ignoring  laser 
beam  diffraction  and  finite  electron  beam  size).  The  main 
difference  of  the  gain  function  (2)  from  the  ID  case  con¬ 
sists  of  a  spectral  shift.  It  can  be  understood  by  recalling 
that  formula  (2)  is  written  for  the  3D  case  in  which  the  laser 
beam  is  focused  in  the  wiggler.  The  phase  velocity  of  the 
laser  field  in  the  focus  is  greater  than  velocity  of  the  light  in 
vacuum  (this  effect  is  known  as  a  Guoy  phase  shift).  There¬ 
fore,  in  order  to  maintain  optimal  interaction  with  electrons 
over  the  entire  wiggler  length  the  laser  frequency  must  be 
red  shifted  relative  to  the  maximum  frequency  of  the  elec¬ 
tron  wiggler  emission. 
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The  same  phenomena  of  the  spectral  shift  can  be 
equivalently  explained  by  the  angular-frequency  cor¬ 
relation  in  the  electron  wiggler  emission  we{6)  = 

a>e(0)  jl  +  /2)  |  .  where  0  is  the  observation  an¬ 

gle.  This  correlation  causes  that  the  maximum  spectral  in¬ 
tensity  of  the  electron  wiggler  emission  integrated  over  the 
solid  angle  is  the  red  shifted  relative  to  we(0).  Therefore, 
for  a  better  matching  of  the  fields  of  the  laser  radiation  and 
the  electron  wiggler  emission  in  the  far  field  region,  the 
laser  frequency  must  be  red  shifted  by  the  same  amount. 

In  the  experiment  we  have  L= 3  m,  Zr  ~  L/ 4,  and  a 
beta  function  in  the  wiggler  of  /3  ~11  m.  With  this  beta 
function  the  angular  divergence  of  the  electron  beam  in  the 
wiggler  is  negligible.  Thus,  Eq.(l)  that  accounts  only  for  a 
finite  beam  size,  correctly  describes  our  experiment.  Fig¬ 
ure  6  shows  the  dependence  of  the  gain  on  £.  Calculation 
usings  Eq.(l)  is  shown  with  red  circles.  For  each  £  value 
the  gain  was  taken  at  a  position  of  the  maximum  of  the  gain 
function  f(v,€,q  =  4).  The  result  of  computer  simulations 
using  GINGER  [4]  is  shown  with  blue  rhombs.  The  nom¬ 
inal  operation  condition  corresponds  to  £  =  0.46.  A  solid 
line  in  Figure  6  is  a  fit  of  the  Eq.(l)  using  the  followihg 
dependence  of  the  gain  on  the  electron  beam  size: 

g(u,  a±,  Zr)  =  g(w,  =  0,  Zr )/  (1  4-  £)  .  (3) 


4  CONCLUSION 

Preliminary  results  of  the  FEL  gain  measurements  at  the 
ALS  show  that  these  measurements  can  be  used  for  fine 
tuning  of  the  efficiency  of  the  laser/e-beam  interaction  in 
the  wiggler.  We  found  that  the  gain  is  a  very  sensitive  indi¬ 
cator  of  any  deviation  from  optimal  interaction  conditions. 
So  far  the  measured  gain  disagrees  with  the  predicted  one 
in  the  analytical  calculations  giving  ~  40  -  60%  of  the  ex¬ 
pected  value.  The  reasons  for  this  discrepancy  are  being 
studied. 
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Figure  6:  Gain  versus  £.  Solid  line  is  a  fit  following  Eq.(3). 
Red  circles  are  numerical  calculations  using  Eq.(l).  Blue 
rhombs  are  GINGER  simulations.  The  rhomb  and  the  cir¬ 
cle  overlap  at  £  =  0.92. 

At  the  time  of  writing  we  performed  ~  50  measure¬ 
ments  of  the  FEL  gain.  Typically,  measured  gains  are  re¬ 
producible  over  period  of  ~8  hours,  but  vary  somewhat  on 
a  day  to  day  basis.  Some  days  we  measure  ~  60%  of  the 
predicted  value  and  some  days  ~  40%.  The  discrepancy 
may  be  related  to  the  imperfections  in  the  mode  structure 
of  the  laser  light,  which  we  do  not  test  routinely.  It  seems 
less  likely  that  the  observed  losses  can  be  explained  by  seis¬ 
mic  vibrations  of  the  supporting  structures  for  the  optics  or 
by  air  turbulence  in  the  laser  beam  path. 
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Abstract 

The  100-MeV  Test  Linac  was  constructed  for  the  high 
brightness  applications  such  as  free  electron  lasers  and 
coherent  radiation  generation  experiments  at  PAL.  The 
linac  consists  of  a  thermionic  RF-gun,  an  alpha  magnet, 
two  accelerating  structures,  and  a  beam  analysing 
magnet.  The  RF-gun  is  a  one-cell  cavity  with  a  tungsten 
dispenser  cathode  of  3-mm  diameter,  and  the 
longitudinal  matching  from  the  RF-gun  to  the  first 
accelerating  column  is  done  by  the  alpha  magnet.  The 
RF  frequency  is  2856  MHz,  and  a  SLAC  5045  klystron 
feeds  RF  power  to  two  accelerating  columns  and  the  RF- 
gun.  In  the  initial  beam  test  the  achieved  beam  energy 
and  current  were  75  MeV  and  50  mA,  respectively.  The 
longitudinal  acceptance  measurement  with  the  alpha 
magnet  is  done  to  minimize  energy  spread,  and  the 
bunch  length  was  measured  with  a  streak  camera  by 
using  OTR  (Optical  Transition  Radiation).  In  this  paper, 
the  beam  quality  measurement  results  are  described  in 
detail  together  with  the  detailed  description  of  the 
machine. 


1  INTRODUCTION 

An  electron  linac  with  a  design  beam  energy  of  100 
MeV  has  been  prepared  for  new  R&D  activities  such  as 
FEL  (free  electron  laser)  and  SASE  (self-amplified 
spontaneous  emission)  experiments  at  PAL  (Pohang 
Accelerator  Laboratory).  New  experiments  like  SASE 
require  a  high-brightness  electron  source;  this  implies  a 
high  peak  current  (10  A  to  2000  A)  and  a  low  transverse 
emittance  (2  to  80  mm-mrad)  [1].  Emittance  and  peak 
current  requirements  for  inffared-FEL  is  not  stringent 
compared  to  SASE. 

Thermionic  RF-gun  was  chosen  as  an  electron  beam 
source  for  the  Test  Linac  because  it  is  quite  compact  and 
relatively  inexpensive  source  for  high  brightness 
applications  in  spite  of  some  disadvantages  such  as  a 
large  energy  spread  and  a  short  cathode  life  time.  For 
SASE  experiment  the  RF-gun  will  be  replaced  with 
photocathode  RF-gun  in  the  near  future.  The  linac 
incorporates  an  alpha  magnet  for  longitudinal  phase 
matching  from  the  gun  to  the  first  accelerating  column 
because  thermionic  RF-gun  inherently  generates  an 
electron  beam  with  a  large  momentum  spread. 

'Work  supported  by  the  Ministry  of  Science  and  Technoiogy,  Korea 
'Email:  hskang@postech.acJcr 


In  the  beam  test  of  1998  the  achieved  beam  energy  and 
current  were  75  MeV  and  50  mA,  respectively.  The 
beam  loss  was  very  large,  about  50%,  at  the  first 
accelerating  column  [2].  Focusing  solenoid  coils  were 
installed  at  the  first  accelerating  column  to  reduce  beam 
loss.  The  longitudinal  acceptance  measurement  with  the 
alpha  magnet  was  done  to  minimize  energy  spread  and 
beam  loss.  Bunch  length  was  measured  with  a  streak 
camera  by  using  OTR  (Optical  Transition  Radiation). 
Dependence  of  bunch  length  on  field  gradient  of  the 
alpha  magnet  was  measured. 

2  MACHINE  DESCRIPTION 

The  linac  consists  of  a  thermionic  RF-gun,  an  alpha 
magnet,  two  quadrupole  doublets,  two  SLAC-type 
accelerating  columns  (AC#1  and  AC#2),  a  quadrupole 
triplet  (QT),  and  a  beam  analysing  magnet  as  shown  in 
Figure  1 .  There  are  three  beam  current  monitors  (BCM) 
and  three  beam  profile  monitors  (BPRM)  for  beam 
instrumentation.  There  is  an  experimental  area  at  the  end 
of  linac  for  FEL  and  SASE  experiments,  which  has  a 
dimension  of  5-m  width  and  7-m  length.  A  2-m  long 
drift  space  is  reserved  between  AC#1  and  AC#2  to  insert 
a  magnetic  bunching  system  and  a  bending  magnet  for 
FEL  research. 

The  RF-gun  is  a  one-cell  cavity  with  a  tungsten 
dispenser  cathode  of  3-mm  diameter  [3].  The  RF 
frequency  is  2856  MHz,  and  a  SLAC  5045  klystron 
feeds  RF  power  to  two  accelerating  columns  and  the  RF- 
gun.  The  maximum  field  gradient  of  the  alpha  magnet  is 
200  G/cm.  Electron  moves  along  a  a-shaped  trajectory 
in  the  alpha  magnet,  and  the  resultant  bend  angle  is 
278.6°.  Two  quadrupole  doublets  are  used  to  focus  the 
electron  beam  in  the  transport  line  from  the  gun  to  the 
first  accelerating  column.  OTR  bunch  monitor  chamber 
was  installed  at  the  linac  end.  The  target  is  2-mm  thick 
plate  of  stainless  steel,  from  which  OTR  emits  when  the 
accelerated  electron  beam  strikes  on  it,  and  the  surface 
was  mirror-finished. 


i <LM 


Figure  1 :  Layout  of  Test  Linac. 
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3  BEAM  QUALITY  MEASUREMENTS 

3.1  Beam  Transmission  and  Energy  Spread 

The  beam  transmission  rate  was  improved  up  to  72%  by 
the  solenoid  field  focusing.  Table  1  shows  the  measured 
data  as  the  alpha  magnet  current  changes.  BCM#1 
measures  beam  current  after  the  alpha  magnet,  and 
BCM#3  measures  beam  current  at  the  end  of  linac. 
Transmission  rate  is  determined  by  longitudinal  and 
transversal  matching.  Though  the  injected  beam  to  the 
first  accelerating  column  is  high  at  7-A  current  setting, 
the  beam  loss  is  very  large  because  the  transversal  beam 
quality  is  very  poor.  Optimum  matching  condition  is 
obtained  at  the  current  setting  of  11.5  A.  The  field 
gradient  of  alpha  magnet  at  this  current  is  90.8 
Gauss/cm. 

The  nominal  RF  power  of  the  klystron  is  30  MW  at 
the  experiment,  and  the  RF  power  fed  to  one 
accelerating  column  and  the  RF-gun  were  12  MW  and 
2.0  MW,  respectively.  The  RF  pulse  width  is  1.2  ps  and 
pulse  repetition  rate  is  12  Hz. 

The  energy  and  energy  spread  were  also  measured  as 
the  alpha  magnet  current  changed.  Output  beam  energy 
increases  as  the  field  gradient  of  alpha  magnet  increases. 
Measured  energy  spread  is  +1%  at  the  beam  loading  of 
100  mA.  On  the  other  hand  the  energy  spread  becomes 
biggest  at  the  optimum  matching  condition.  As  shown  in 
Fig.  2  low  energy  tail  is  a  main  cause  to  increase  the 
energy  spread  at  the  current  of  1 1 .5  A. 

Table  1 :  Transmission  rate,  energy  and  energy  spread 


Alpha 

Magnet 

Current 

[A] 

BCM#1 

[mA] 

BCM#3 

[mA] 

Transm 
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Energy 

[MeV] 

Energy 

Spread 

[±%1 

7 

209 

97 

46.4 

57.3 

0.67 

11.5 

94 

68 

72.3 

59.5 

1.16 

12.5 

57 

34 

59.6 

62.3 

0.94 

Figure  2:  Horizontal  and  vertical  beam  profile  of  the 
profile  monitor  after  beam  analysing  magnet  at  the  alpha 
magnet  current  setting  of  11.5  A.  Horizontal  profile 
represents  a  beam  energy  spread. 


3.2  Bunch  Length  Measurement 

The  bunch  lengths  of  the  electron  beams  were  measured 
using  optical  transition  radiation  with  a  streak  camera  of 
Hamamatsu  Photonics  Co.  The  bunch  trains  are  shown 
in  Fig.  3.  The  measured  bunch  length  is  11.7  ps  in 
FWHM  before  the  RF  phase  adjustment.  After  the  fine 
adjustment  of  RF  phase  to  two  accelerating  columns,  the 
bunch  length  reduces  to  7.4  ps  (FWHM). 


(a) 


The  low  energy  tail  originates  from  the  difference  of 
the  cavity  RF-filling  time  in  the  RF-gun  and  accelerating 
column.  The  cavity  RF-filling  times  of  the  RF-gun  and 
the  accelerating  column  are  0.21  ps  and  0.83  ps, 
respectively.  However  the  effect  of  low  energy  tail 
becomes  smaller  at  the  current  of  7  A  and  12.5  A.  A 
momentum  filter  with  a  fixed  gap  is  on  the  maximum 
dispersion  point  of  the  trajectory  in  the  alpha  magnet. 
The  energy  of  electron  moving  on  the  centre  line  of  the 
trajectory  is  0.9  MeV  at  the  current  setting  of  1 1 .5  A.  At 
the  current  of  7  A,  the  median  energy  is  0.5  MeV,  thus 
the  momentum  of  the  head  of  one  macro  pulse  of 
electron  beam,  which  is  about  0.6  ps  long,  is  too  small  to 
pass  through  the  following  accelerating  column.  It  is 
possible  to  reduce  energy  spread  by  kicking  out  the  head 
of  one  macro  pulse  of  electron  beam  with  a  magnetic 
kicker. 


Time  [ps] 


(b) 

Figure  3:  Streak  camera  images  and  its  intensity  profiles 
at  the  alpha  magnet  current  setting  of  1 1 .5  A;  (a)  before 
and  (b)  after  RF  phase  adjustment.  Vertical  lengths  of 
camera  images  correspond  to  streak  time  spans  of  1  ns 
for  (a)  and  500  ps  for  (b). 
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The  variations  of  bunch  lengths  were  measured  as  the 
alpha  magnet  current  setting  changed.  It  is  observed 
that  the  bunch  length  decreases  to  4.5  ps  as  the  alpha 
magnet  current  is  raised,  as  shown  in  Fig.  4.  This 
means  that  electron  beam  which  exits  from  the  RF-gun 
with  higher  momentum  gets  a  better  bunch  compression 
in  the  alpha  magnet  transport  line.  Figure  5  describes  a 
bunch  length  shortening  during  the  beam  transport  in  the 
alpha  magnet.  In  this  Figure  the  free  space  distance 
from  the  RF-gun  to  the  first  accelerating  column  is  95 
cm  and  the  energies  of  the  head  and  tail  particle  of  one 
micro  bunch  are  assumed  to  be  1  MeV  and  0.8  MeV, 
respectively.  The  resultant  minimum  time  difference 
depends  on  the  alpha  magnet  current  setting.  When  the 
alpha  magnet  current  is  raised,  the  beam  current  at  the 
linac  end  decreases  down  remarkably.  In  order  to  obtain 
a  sufficient  beam  current  the  RF  power  to  RF-gun  should 
be  raised. 


Figure  4:  Dependence  of  bunch  length  on  alpha  magnet 
field  gradient. 


Alpha  Magnet  Field  Gradient  [T/m] 

Figure  5:  Travelling  time  difference  of  head  and  tail 
particle  at  the  alpha  magnet  and  total  time  difference 
including  the  travelling  time  in  free  space. 


The  bunches  in  a  few  ps-long  macro  pulse  of  electron 
beam  experience  a  different  accelerating  field  due  to 
transient  beam  loading,  especially  in  the  thermionic  RF- 
gun  cavity.  The  length  of  each  bunch  in  one  macro 
pulse  was  measured  by  changing  the  trigger  time  to 
streak  camera.  The  measurement  result  is  shown  in  Fig. 
6.  The  bunch  length  of  the  end  part  becomes  slightly 
longer  than  the  head  of  macro  pulse.  This  increase 
might  be  partially  caused  by  unevenness  of  RF  power 
flattop  during  one  macro  pulse.  The  main  cause  is 
transient  beam  loading  in  the  thermionic  RF-gun  cavity 
together  with  cavity  temperature  change  due  to  cavity 
wall  dissipation.  The  effect  of  transient  loading  and 
temperature  effect  are  not  fully  understood  yet  and  will 
be  investigated  in  next  experiments. 


Figure  6:  Dependence  of  bunch  length  on  microbunch 
position  in  one  macro  pulse.  Microbunch  position 
represents  trigger  delay  time  to  streak  camera. 

4  SUMMARY 

The  beam  transmission  rate  was  improved  up  to  72% 
due  by  the  solenoid  field  focusing  and  good  longitudinal 
phase  matching  compared  to  the  previous  experiments. 
Measured  energy  spread  is  ±1%  at  the  beam  loading  of 
100  mA,  and  the  large  energy  spread  at  the  optimum 
matching  condition  is  due  to  cavity  RF-filling  time 
differences.  The  measured  bunch  length  is  about  7  ps  in 
FWHM,  and  decreases  to  less  than  4.5  ps  as  the  alpha 
magnet  current  increases.  But  reduction  in  the  beam 
current  is  a  problem  to  solve.  The  length  of  each  bunch 
depends  on  the  position  in  one  macro  pulse  which  has  a 
relation  to  transient  beam  loading  in  active  RF  cavity. 
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Abstract 

Recent  theoretical  and  experimental  advances  of  the  high 
gain  Self-Amplified  Spontaneous  Emission  free-electron 
laser  (SASE-FEL),  have  demonstrated  the  feasibility  of 
using  this  system  as  a  4"1  generation  light  source.  This 
source  will  produce  diffraction-limited  radiation  in  the 
0.1  nm  region  of  the  spectrum,  with  peak  power  of  tens  of 
GW,  subpicosecond  pulse  length,  and  very  large 
brightness  [1,2,3].  The  peak  power  density  in  such  a 
system  is  very  large,  and  in  some  experiments  it  might 
damage  the  optical  systems  or  the  samples,  or  it  might  be 
simply  larger  than  what  is  needed  for  the  particular 
experiment  being  considered.  Some  options  to  reduce  the 
power  level,  for  example  by  using  a  gas  absorption  cell  to 
reduce  the  X-ray  intensity,  have  been  studied  [2].  In  this 
paper  we  discuss  another  possibility  to  control  the  power 
output  of  an  X-ray  SASE-FEL  by  varying  the  charge 
from  the  electron  source,  and  the  longitudinal  bunch 
compression  during  the  acceleration  in  the  linac. 

1  INTRODUCTION 

X-ray  free-electron  lasers  (XFEL)  based  on  the  Self 
Amplified  Spontaneous  Emission  (SASE)  mode  of 
operation  can  produce  very  large  peak  power  and 
subpicosecond  long  pulse  of  coherent  radiation  in  the  0.1 
nm  region  of  the  spectrum  [2,3], 

In  some  experiments  it  may  be  useful  to  reduce  the  peak 
power  to  avoid  damaging  the  sample  under  study,  or 
some  optical  components.  One  method  to  do  this  is  to  use 
a  gas  cell  to  attenuate  the  X-ray  pulse  [2],  In  this  paper 
we  discuss  an  alternative  method  based  on  changing  the 
amount  of  charge  in  the  electron  pulse  produced  by  the 
electron  source.  In  the  present  design  of  XFELs  the 
electron  beam  is  produced  in  a  photoinjector,  and 
accelerated  to  15  GeV  in  a  linac.  During  the  acceleration 
the  electron  bunch  is  also  compressed  to  reach  the  peak 
current  needed  for  FEL  operation.  The  charge  of  the 
electron  bunch  can  be  changed  by  varying  the  laser 
intensity  on  the  photocathode.  The  compression  system  is 
also  flexible  enough  to  provide  a  variable  compression. 
When  varying  the  electron  bunch  charge,  other  beam 
parameters,  like  the  emittance,  pulse  length  and  energy 
spread,  also  change.  These  changes  have  an  effect  on  the 
XFEL  gain  length  and  output  power.  To  estimate  the 
overall  effect  we  need  to  consider  the  FEL  scaling  laws 
and  the  photoinjector-linac  scaling  laws.  The  scaling 
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laws  for  these  two  cases  will  be  discussed  in  the  next 
section.  We  will  then  evaluate  the  XFEL  performance 
using  the  LCLS  as  an  example. 

2  FEL  SCALING 

The  gain  length,  saturation  power,  and  saturation  length 
of  a  SASE-FEL  are  defined  by  the  FEL  parameter  p  [4] 


P  =  ( 


K  np  2/3 

4r  cou 


(1) 


where  K=eBXl/27tmc  is  the  undulator  parameter;  Bu  the 
undulator  field  and  \  the  undulator  period;  y  the  beam 
energy  in  rest  mass  units; 


Q.p=(A 7tre  c2ne  /  y)1'1 


(2) 


the  beam  plasma  frequency;  r.  and  c  the  classical  electron 
radius  and  the  light  velocity;  nt  the  electron  density; 

a \=2itc/K- 

Since  the  FEL  gain  length  and  the  saturation  length  are 
inversely  proportional  to  p,  and  the  output  power  is 
proportional  to  p,  optimising  the  FEL  is  equivalent  to 
maximise  p.  The  gain  length  is  given,  in  the  simple  ID 
theory,  neglecting  diffraction  and  slippage  by 

LC-AJ  l-sfenp  (3) 

Saturation  occurs  after  about  10  gain  lengths,  and  the 
radiation  intensity  at  saturation  is  about  p  times  the  beam 
energy.  Diffraction,  energy  spread  and  slippage,  S=ANU, 
can  increase  the  gain  length  over  the  ID  value  if  the 
conditions  £<Mk  ,  Ogcp,  S<L,  ZR>LG  are  not  satisfied, 
where  e  is  the  beam  emittance,  Nu  the  number  of 
undulator  periods,  and  ZR  the  radiation  Rayleigh-range. 
The  FEL  parameter  depends  on  the  beam  density  in  the 
undulator,  and  is  proportional  to  the  beam  plasma 
frequency  to  i/3,  or  (Q/doJ'3,  Q  being  the  electron 
bunch  charge,  o  the  radius,  and  aL  the  length.  The  beam 
density  can  be  conveniently  written  as 


K 

(2Kf2e(3oL  ’ 


(4) 
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Fig.  1  Ratio  of  the  saturation  length  to  the  reference  case 
saturation  length,  as  a  function  of  electron  bunch  charge, 
and  for  different  values  of  the  compression  coefficient. 
The  reference  case  is  defined  as  Q=1  nC  and  Cf=20.  The 
curves  show  that  it  is  possible  to  obtain  the  same 
saturation  length  when  changing  the  charge  from  0.1  to  1 
nC,  by  changing  the  compression  factor  from  20  to  10. 

where  Nt  is  the  number  of  electrons  in  a  bunch,  e  the 
beam  emittance,  /3  the  focusing  function  in  the  undulator. 
The  beam  density  is  determined  by  the  electron  source, 
and  by  the  acceleration  and  compression  processes.  We 
assume  the  electron  source  to  be  a  1.6  cell  photoinjector 
[5].  The  scaling  of  the  beam  emittance,  pulse  length  and 
energy  spread  with  charge  for  this  photoinjector  has  been 
studied  and  the  results  are  presented  in  ref.  [5].  We  use 
the  results  of  this  paper,  in  particular  the  scaling  of 
emittance  and  pulse  length  with  charge, 

e  =  1.45xl0-6(0.38<24/3  +0.095(28/3)1/2,  (5) 

oL=  0.63x10^ Qm  •  (fi) 

where  the  charge  is  in  nC,  the  emittance  in  mxrad,  and  the 
bunch  length  in  m.  The  acceleration  and  compression 
process  producing  the  beam  used  in  the  FEL  is  designed 
to  preserve  the  transverse  emittance,  and  reduce  the  pulse 
length  by  a  compression  factor  Cf  As  shown  in  [2]  the 
emittance  increase  produced  by  wakefields  is  small,  and 
we  take  it  into  account  by  using  the  additional  factor  1.45 
in  (6). 

During  this  acceleration  and  compression  the  wakefields 
in  the  linac  and  compressors  increase  the  longitudinal 
emittance  by  a  rather  large  factor.  However  the  local 
energy  spread,  remains  small.  The  term  local  refers  in  the 
FEL  case  to  the  energy  spread  within  a  slice  of  the  beam 
corresponding  to  one  co-operation  length,  defined  as 


L=LgX/\,  the  slippage  in  one  gain  length  [6].  The  local 
energy  spread  is  maximum  at  the  largest  charge,  0.02%  at 
1  nC,  and  in  our  analysis  we  assume  it  to  remain  constant 
at  lower  charges,  a  pessimistic  assumption.  We  use  this 
assumption  to  evaluate  the  XFEL  gain  length,  saturation 
length  and  output  power. 

Table  1 :  LCLS  Parameters.  Energy  spread,  pulse  length, 
emittance  are  rms  values.  Brightness  is  in  number  of 
photons  per  second,  per  (mm  mrad)2,  per  0.1% 
bandwidth.  The  energy  spread  is  the  local  energy  spread 
within  a  co-operation  length.  A  correlated  energy  chirp  of 
0.1%  is  also  present  along  the  bunch. 


Electron  beam 

Electron  energy,  GeV 

14.3 

Emittance,  nm  rad 

0.05 

Peak  current,  kA 

3.4 

Energy  spread,  % 

0.02 

Bunch  length,  fs 

67 

i  Undulator 

Period,  cm 

3 

Field,  T 

1.32 

K 

3.7 

Gap,  mm 

6 

Total  length,  m 

100 

Radiation 

Wavelength,  nm 

0.15 

FEL  parameter,  p 

5x10" 

Field  gain  length,  m 

11.7 

Bunches/sec 

120 

Average  brightness 

4x10“ 

Peak  brightness 

1033 

Peak  power,  GW 

109 

Intensity  fluctuations,  % 

8 

Notice  also  that  from  (4),  (5),  (6)  it  follows  that  when  the 
charge  is  in  the  range  of  0.1  to  1  nC,  the  range  that  we 
consider  in  this  paper,  the  beam  density,  and  so  the  FEL 
parameter,  is  almost  independent  of  charge. 

3  XFEL  PERFORMANCE 

In  this  section  we  use  the  electron  beam  scaling  with 
charge  introduced  before  to  evaluate  the  XFEL 
performance.  We  use  a  model  based  on  the  FEL  code 
described  in  [7],  which  includes  3-dimensional  effects. 
The  basic  set  of  parameters  used  is  those  of  the  LCLS 
project  [2],  given  in  Table  1.  The  FEL  radiation 
characteristics  given  in  this  table  are  for  the  case  of  InC 
electron  charge  and  compression  of  20.  In  what  follows 
we  will  use  this  as  the  reference  case.  We  simulate  a 
situation  with  an  undulator  of  given,  fixed  length,  and 
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change  the  electron  bunch  charge  and  compression  factor 
to  keep  the  saturation  length  constant  and  equal  to  the 
undulator  length.  The  main  results  are  shown  in  fig.  1  and 
2. 


— power,  — compression,  —  bunch  length  ratio 


Fig.2  Ratio  of  peak  power,  bunch  length,  and 
compression  factor,  Cf,  to  that  of  the  reference  case, 
defined  as  Q=1  nC  and  Cf=20.  The  peak  power  changes 
almost  linearly  with  charge,  and  is  reduced  by  a  factor  of 
ten  from  1  to  0. 1  nC. 
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The  results  in  figure  1  shows  that  it  is  possible,  using  the 
same  LCLS  undulator,  to  reach  saturation  at  the  undulator 
exit  for  a  charge  range  between  1  to  0.1  nC,  if  one 
simultaneously  reduces  the  compression  factor  by  2.  The 
results  in  figure  2  show  that  in  this  situation  the  XFEL 
peak  power  is  reduced  by  one  order  of  magnitude,  while 
the  bunch  length  remain  practically  constant. 

Figure  2  also  shows  that,  when  considering 
simultaneously  the  bunch  length  from  the  photoinjector 
and  the  compression,  the  final  bunch  length  changes  by 
no  more  than  25%  when  changing  the  charge.  Hence  the 
peak  current  for  the  XFEL  scales  almost  linearly  with 
charge,  and  is  reduced  to  about  350  A  at  0. 1  nC. 


2  CONCLUSIONS 

We  have  shown  that  it  is  possible  to  change  the  output 
power  of  a  XFEL,  while  keeping  the  same  saturation 
length,  by  changing  the  electron  bunch  charge  and  the 
compression  factor  in  the  linac.  This  procedure  can 
produce  a  large  change  in  output  power,  as  large  as  one 
order  of  magnitude  in  the  LCLS  case.  This  method  is  easy 
to  implement  and  does  not  require  additional  hardware 
like  the  gas  cell  considered  in  ref.  [2]. 
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Abstract 

In  the  TESLA  Test  Facility  (TIP),  short  bunches  with  low 
emittance  are  needed  for  the  operation  of  a  free  electron 
laser.  Several  stages  of  bunch  compression  by  means  of 
magnetic  chicanes  will  be  used  to  reach  the  required  peak 
current.  The  second  stage  of  the  bunch  compression  sys¬ 
tem,  bunch  compressor  II,  has  been  taken  into  operation 
recently.  We  describe  design  and  instrumentation  of  the 
bunch  compressor  II  and  communicate  experiences  made 
during  commissioning. 

1  INTRODUCTION 

The  TESLA  Test  Facility  (TTF)  aims  to  conduct  a  proof- 
of-principle  experiment  for  a  self-amplified  spontaneous 
emission  free  electron  laser.  (SASE  FEL).  For  FEL  opera¬ 
tion,  high  peak  currents  and  low  transversal  emittances  are 
crucial.  To  reach  these  quality  conditions,  the  bunch  has  to 
be  compressed  longitudinally  after  it  leaves  the  gun.  In  the 
case  of  the  TTF  FEL  experiment,  this  is  done  in  magnetic 
chicanes.  Bunch  Compressor  II  is  the  only  chicane  to  be 
used  for  the  proof-of-principle  experiment,  while  a  further 
stage  of  FEL  operation,  using  smaller  wavelengths,  higher 
energy  and  a  longer  undulator,  requires  another  stage  of 
compression  (Bunch  Compressor  III)  The  low-energy  stage 
Bunch  Compressor  I  will  not  be  used  for  FEL  operation. 

2  BUNCH  COMPRESSOR  II 

BC  II  is  located  between  accelerating  modules  #1  and  #2 
of  the  TTF,  operating  at  a  design  energy  of  140MeV.  It  has 
been  designed  to  compress  a  bunch  of  length  1mm  down  to 
250/zm.  [5,  8] 

2.1  Geometry 


Figure  1 :  The  geometry  of  a  magnetic  chicane 
'E-Mail:  andreas.kabel@desy.de 


Bunch  Compressor  II  comprises  four  rectangular  dipole 

magnets  with  field  signature  H - 1-  arranged  with  their 

entry  faces  in  parallel  and  perpendicular  to  the  beam  enter¬ 
ing  the  first  magnet.  This  arrangement  is  easily  seen  to  be 
overall  dispersion-free  to  all  orders.  For  BCII,  the  dimen¬ 
sions  are  L\  =  Z-2  =  0.5m,  L%  —  1.3m. 

Optically,  the  chicane  behaves  like  a  drift  space  for  the 
horizontal  phase  space  plane  (with  an  effective  length  ex¬ 
ceeding  the  orbit  length  by  A L  =  4Li  + 

2Lcoss'ip  ^ )  ar*d  as  a  strongly  focusing  element  for  the  verti¬ 
cal  phase  space. 

The  vacuum  chamber  and  the  magnets  have  been  de¬ 
signed  to  allow  for  an  deflection  angle  of  ip  =  17°  . . .  21°. 
From  geometry,  the  path  length  is  S(ip)  =  + 

L3.  Thus,  the  linear  matrix  element  i?56  =  = 

Wff  =  4L1  -  ii^v)  +  2i2 7^  v^es  be¬ 

tween  0.1594m  and  0.2546m. 

From  geometry,  the  offset  in  the  symmetry  point  is 

1  —  cos 

h  =  2Li — : — - 1-  Z,2  tan  ip,  (1) 

sm  ip 

from  which  one  has  the  maximum  linear  horizontal  disper¬ 
sion 

»/jM  _  COS 

Vx, center  =  2Li  — — - t — -  + L2{tanip  +  tan3  ip)  (2) 

tan  ip 

In  the  case  of  BC  II,  h  =  0.302m . . .  0.377m  and 
Vx, center  -  0.310m . . .  0.393m. 

The  energy  acceptance  is  5acc  ss  h™£*~nurn  >  so  one 
can  expect  transmission  for  beam  energy  variations  of  ss 
±10%. 

2.2  Compression 

A  bunch  with  a  linear  correlation  element  d  =  -feL  will 

thus  be  shortened  by  —dR^.  A  linear  correlation  between 
x  and  S  is  achieved  by  shifting  the  acceleration  module 
phase  in  front  of  the  bunch  compressor  (normally  accel¬ 
erating  from  E0  to  E0  +  Ei,  where  Eq  «  15MeV  and 
Ei  ss  85MeV  for  the  commissioning  run)  by  A </>.  Then, 
d  =  —  e^e*cosA<i>  an4  the  linear  part  of  the  bunch  length 
vanishes  for 

initial  =  ^56  (3) 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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.  The  quadratic  term  is  d2  =  — — —  and  gives  the 

1+ cos  A  <j> 

minimum  bunch  length  of  Zmjn  «  d2 i?56  initial  where 
A  is  the  RF  wavelength  of  c/1.3Ghz  =  0.231m. 

Having  the  bunch  travel  through  the  chicane  results  in  a 
phase  slippage  of  2i r  compared  to  going 

straight  to  the  bunch  compressor  section.  This  is  close  to  7r 
for  the  design  value  of  R^,  which  would  result  in  a  decel¬ 
eration  in  the  modules  following  the  bunch  compressor.  A 
phase  shifter-a  length-adjustable  waveguide-was  installed 
to  switch  between  straight  and  compression  operation,  al¬ 
lowing  for  on-crest  acceleration  from  the  2nd  module  on  in 
both  operation  modes. 

2.3  Magnets 

The  dipole  magnets  of  the  chicane  require  high  fields  and 
high  field  quality  over  a  wide  horizontal  range.  We  use 
H-type  magnets  custom-manufactured  by  danfysik  with  a 
pole  gap  of  d  =  25mm.  The  pole  width  is  W  =  300mm, 
but  the  admissable  width  for  the  vacuum  chamber  is  limited 
by  spacers  to  216mm.  The  offset  of  the  horizontal  position¬ 
ing  of  the  two  inner  dipoles  was  chosen  as  to  fully  exploit 
this  range  for  variation  of  deflection  angle.  The  maximum 
field  strength  is  0.375T,  allowing  for  a  maximum  deflection 
angle  of  23.7°  at  E  =  140MeV. 

The  presence  of  quadrupole  and  higher  moments  in  the 
field  in  the  dispersive  region  will  create  additional  trans¬ 
verse  emittance.  To  avoid  this,  the  field  quality  has  to  be 
quite  high  (specification  values:  sextupole:  <  0.0043m-2, 
decapole:  <  0.068m-4). 

Electrically,  the  bending  magnets  are  arranged  as  a  se¬ 
ries  circuit,  which  guarantees  equal  field  strengths,  with  in¬ 
dividual  trimcoils  (giving  up  to  10%  of  main  field  value)  in 
each  magnet  to  correct  leftover  dispersion  and  horizontal 
steering  errors. 

The  most  crucial  alignment  issues  are  (1)  equality  of  L2 
and  its  symmetric  counterpart  and  (2)  the  tilt  of  the  dipole 
magnets.  Both  errors  would  fail  to  close  dispersion  and 
would  introduce  angular  kicks. 

A  total  of  four  pairs  (x  and  y  plane)  steerer  magnets 
with  a  possible  correction  of  ±3mrad  have  been  inserted 
around  the  chicane  and  at  the  entrance  and  exit  of  the  en¬ 
trance  and  exit  quadrupole  triplet.  They  allow  correction 
of  all  quad-  and  dipole-induced  kicks  within  the  tolerated 
misalignment. 

3  INSTRUMENTATION 

For  commissioning  bunch  compressor  II,  it  is  important  to 
get  enough  information  to  (1)  steer  the  beam  through  the 
chicane,  (2)  reconstruct  the  bunch’s  phase  space  both  lon¬ 
gitudinally  and  transversally:  the  expected  behavior  for  the 
longitudinal  dynamics  has  to  be  checked,  and  it  has  to  be 
ascertained  that  the  emittance  growth  is  within  the  expected 
limits. 

The  following  instrumentation  was  installed  in  the  bunch 
compressor  II  section  or  in  connection  with  its  installation: 


•  Toroids  for  transmission  measurements 

•  An  OTR  foil  in  the  dispersive  region  (middle  of  L2), 
spanning  the  width  of  the  vacuum  chamber,  thus  al¬ 
lowing  for  energy  spread  measurement  and  steering 
the  bunch  through  the  chicane  [2,  3] 

•  Viewscreen  and  OTR  foil  at  the  exit  of  the  chicane. 
They  can  be  used  for  threading  the  bunch  through  the 
chicane. 

•  Synchrotron  radiation  outlet  windows  have  been  in¬ 
serted  into  the  vacuum  chambers,  allowing  syn¬ 
chrotron  radiation  to  be  viewed  for  each  bend  in  the 
dispersive  section.  The  OTR  foil  at  the  exit  of  the  chi¬ 
cane  can  be  used  as  an  outlet  mirror,  allowing  to  look 
into  the  most  downstream  bend. 

•  Stripline  [4]  and  cavity  [9, 10]  beam  position  monitors 
(BPMs)  at  the  entrance  and  exit  of  the  chicane,  respec¬ 
tively.  In  conjuction  with  the  “cold”  cavity  BPM  in 
the  preceding  module,  one  has  two  pairs  of  BPMs  al¬ 
lowing  to  observe  positional  and  angular  offset  at  the 
entrance  and  exit  of  the  chicane.  Thus,  one  can  check 
the  closure  of  the  orbit  bump  generated  by  the  chicane. 

•  Interferometric  bunch-length  measurement:  following 
the  accelerating  module  #2,  OTR  is  generated  in  a 
foil  and  extracted  using  mirrors.  A  Martin-Puplett 
type  interferometer  is  used  to  extract  the  autocorrela¬ 
tion  function  of  the  bunch’s  charge  distribution.  Py¬ 
roelectric  detectors  are  used  to  measure  the  OTR’s 
intensity.  [1, 11] 

•  The  chicane  has  a  triplet  of  individually  powered 
quadrupole  magnets  both  upstream  an  downstream.  In 
conjunction  with  OTR  foils,  they  facilitate  beam  to¬ 
mographic  measurements,  i.e.  reconstruction  of  the 
transverse  phase  space. [6] 

4  COMMISSIONING 

We  were  able  to  steer  a  bunch  of  charge  10~9As  through 
the  chicane.  Excellent  transmission  could  be  reached;  no 
current  loss  could  be  observed  with  the  toroids.  The  trans¬ 
mission  could  be  retained  when  varying  the  dipole  current 
over  a  range  of  ±6%,  which  is  in  agreement  with  the  en¬ 
ergy  acceptance  given  above.  Save  the  synchrotron  radia¬ 
tion  observation,  all  instrumentation  of  the  bunch  compres¬ 
sor  section  could  be  commissioned. 

4.1  Compression 

Bunch  length  measurements  upstream  of  the  bunch  com¬ 
pressor  using  a  streak  camera  showed  an  initial  bunch 
length  of  3mm . . .  4mm' ,  which  is  off  the  design  value  of 
BC  II. 

1 S.  Schreiber,  private  communication 
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Phase  Offset  [rad,  0  arbitrary] 

Figure  2:  OTR  Intensity  measured  with  pyroelectric  detec¬ 
tors  and  calculated  intensity  for  purely  gaussian  bunches, 
see  text 


Thus,  the  minimum  bunch  length  to  be  expected  is 
around  700/im  as  opposed  to  the  design  value  of  250/rni, 
which  would  be  well  above  the  minimum  obtainable  bunch 
length  for  linitiai  =  1mm. 

4.2  Bunch  Length  Measurement 

Since  the  pyroelectric  detectors  cut  off  frequencies  < 
150GHz2  (corresponding  to  bunch  length  components  of 
>  2000/im),  their  signal  can  be  used  to  find  the  off-crest 
phase  giving  the  minimum  bunch  length.  We  observed 
a  maximum  in  signal  at  a  phase  of  A<f>  »  12.1°  for  an 
f?56  w  0.20m,  which  gives,  according  to  3  an  initial  bunch 
length  consistent  with  the  streak  camera  measurements. 

At  this  A 4>  position,  interferometric  scans  using  the  Mar¬ 
tin  Puplet  interferometer  was  done.  While  the  quality  in 
terms  of  noise  and  resolution  of  the  interferograms  is  good, 
the  evaluation  in  terms  of  the  bunch  length  still  is  inconclu¬ 
sive. 

A  more  thorough  evaluation  of  the  amplitude  measure¬ 
ments  was  done  the  following  way:  We  assuming  a  co¬ 
herent  radiation  intensity  I(u>)  as  created  by  a  Gaussian 
bunch  with  length  at  equal  to  its  rms  length  (note  that 
the  compression  process  creates  deviations  from  gaussian 
shape  near  maximum  compression)  of  the  bunch.  As¬ 
suming  a  sharp  cutoff-wavelength  of  the  detector,  one  has 
/  I(u)dw  oc  A-(  1  —  erf(<rj / \Cutof /))•  This  intensity  can 
be  fitted  (with  parameters  Acut0//,i?56,  and  cn, initial)  to 
the  actual  readout  of  the  pyroelectric  detectors.  Rse  is 
known  to  be  0.2m  ±  10%.  One  finds  quite  satisfactory 
agreement  for  i?56  =  0.215m,  cri,initiai  =  3.2mm  and 
f cutoff  =  150GHz.  This  strongly  indicates  the  presence 
of  compression,  but  the  evaluation  of  interferometric  mea¬ 
surements  would  be  necessary  for  further  clarification. 


5  CONCLUSION 

The  Bunch  Compressor  II  at  the  TESLA  Test  Facility 
has  been  taken  into  operation;  preliminary  measurements 
strongly  indicate  compression  of  bunches.  The  results  are 
consistent  with  the  predicted  behavior.  The  usability  of  the 
instrumentation  has  been  demonstrated.  However,  due  to 
the  off-design  values  of  initial  bunch  length  emittance  the 
design  value  for  the  final  bunch  length  could  not  be  reached 
in  this  run.  Further  measurements  and  further  evaluation  of 
measurement  data  is  needed. 
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Abstract 

A  new  Free  Electron  Laser(FEL)  using  high  power  laser 
system  as  a  wiggler/undulator  in  a  storage  ring  as  a 
electron  beam  of  transverse  cooling  with  a  combination  of 
chicane  for  longitudinal  compression  is  proposed.  This 
new  scheme  will  open  an  intense  FEL  hard  X-ray  laser 
with  much  compact  system  than  those  proposed  in  high 
energy  linear  accelerator  at  SLAC  and  DESY 


1  INTRODUCTION 

It  is  widely  recognized  that  X-rays  by  synchrotron 
radiation(SR)  light  sources  take  advantage  of  X-ray 
imaging  and  medical  diagnoses  over  conventional  X  ray 
tube  by  more  than  three  order  of  magnitude[l]  .  The 
intravenous  coronary  angiography  by  SR  is  attractive  as 
an  advanced  diagnosis.  In  particular,  imaging  the  coronary 
arteries  of  humans  following  venous  injection  of  contrast 
agent  opened  up  new  areas  of  coronary  artery  disease 
research  to  reduce  a  statistical  risk  of  the 
diagnoses[2].The  preferred  energy  of  the  X-ray  for  the 
intravenous  coronary  angiography  is  around  33  keV.  With 
a  conventional  wiggler,  the  preferred  energy  of  the 
electron  beam  is  about  2  GeV.  A  size  of  conventional 
storage  ring  of  this  energy  range  is  too  large  and  costly  for 
actual  medical  application.  To  this  end,  compact  electron 
storage  rings  dedicated  and  optimized  to  the  coronary 
angiography  have  been  proposed  to  fit  into  a  clinical 
environment  in  a  hospital[3,4].  A  typical  diameters  of 
these  compact  machines  are  between  10  to  15  m. 

A  new  approach  has  been  pursued  for  further  downsizing. 
It  is  a  high  power  Terawatt  Table  Top  laser  which  opens 
up  this  possibility.  The  idea  of  the  mechanism,  Thomson 
scattering  or  Compton  scattering,  has  been  proposed  long 
ago[5].  After  K.  J.Kim  proposed  a  generation  of 
femtosecond  X-rays  by  90  degree  Thomson  scattering  and 
the  successful  proof  of  principle  experiment  [6,7],  a  fever 
arose  in  an  community  of  accelerator  facilities  which 
already  have  electron  linac  or  storage  ring.  Further 
enthusiasm  was  added  to  the  fever  .  Telnov  pointed  out 
that  the  process  of  laser  electron  is  also  a  radiation 
damping  process  for  the  phase  space  of  the  electron  beam 
and  can  be  used  to  "cool"  multi-GeV  electrons[8].  Huang 
and  Ruth[9]  pointed  out  this  cooling  could  be  applied  to 


even  lower  energy  range  of  a  few  MeV  up  to  a  few 
hundred  MeV  which  energy  lies  in  our  interest  for 
medical  application  for  angiography[9]  .  In  this  paper,  we 
first  present  the  conceptional  design  of  medical  laser 
SR(Synchrotron  Radiation)  via  a  Thomson  scattering 
where  the  whole  size  of  the  machine  could  be  placed  in 
only  a  room  of  a  size  of  5  m  by  5  m  with  a  necessary  X- 
ray  flux  as  much  as  larger  machine  for  coronary 
angiography. 

This  laser  SR  then  is  served  as  a  transverse  cooler  of  an 
electron  beam  and  the  cooled  beam  is  extracted  and  is 
undergone  a  longitudinal  compression  by  a  magnetic 
chicane[12]  followed  by  a  high  power  laser  as  an 
undulator  for  LASER  FEL. 


2  FLUX,  ENERGY  LOSS  AND  LASER 
RADIATIVE  COOLING 

A  simple  way  to  analyze  the  Thomson  scattering(or 
Compton  scattering)  is  to  notice  an  analogy  between  the 
role  of  laser  beam  and  a  static  magnetic  wiggler(or 
undulater).  The  magnetic  field  B  of  the  laser  intensity 
dP/dA(power  unit  area)  is  simply[6]\ 


where  Z0=377  ohm  is  the  free  space  impedance.  In 
Terawatt  laser  application,  where  laser  waist  is  squeezed 
to  a  size  of  its  wavelength,  the  magnetic  field  strength  is 
enormous  compared  to  even  a  state  of  the  art 
superconducting  wiggler  magnet;  namely  with  10 
Terawatt  laser,  B=3266  Tesla.  In  addition,  the  electrical 
force  adds  to  a  Lorenz  force  and  factor  of  2  has  to  be 
multiplied  to  take  into  account  its  effect.  The  wave  length 
of  X-rays  from  an  electron  beam  which  interacts  with 
laser  field  or  wiggler  are 


conventional  wiggler  and  \  the  wave  length  of  the  laser, 
a0=0.85xl0-9 1  l/2[W/cm2]X0  [mm]. 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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The  spectral  flux  within  the  spectral  of  Af/f  is 

16  L  A/ 

F[photons/s ]  =  S.4x  I[A]Pq[GW] - (3) 

ZR  f 


where  E  is  the  electron  beam  energy,  L  is  the  laser 
electron  interaction  length,  ZR  =TTr02  the  Rayleigh  length 
with  the  spot  radius  r0,  P0  the  incident  laser  power.  For 
lGeV  electron  beam  interacting  with  C02  laser,  the 
energy  loss  is  about  8  keV. 

At  the  laser-electron  interaction  region,  quantum 
excitation  and  radiative  laser  cooling  balance  and  the 
electron  beam  is  expected  to  be  cooled  by  the  laser.  This 
balance  leads  to  the  minimum  normalized  emittances 


—hfi* 


(4) 


Figure  2:  Beta  function  and  dispersion  of  the  laser  cooler 
of  electron  storage  ring. 


with  Xc=h/mc=2.43x  1  O  '2  m,  with  6*  the  betatron  function 
at  the  interaction  point.  We  have  only  two  parameter  to  be 
manipulated  by  our  hands  toward  smallest  emittance  as 
possible;  smaller  micro  beta  function  at  the  interaction 
point  and  laser  of  longer  wave  length.  C02  laser  was 
chosen  from  this  view  point. 

3  LASER  COOLING  AND  STORAGE 
RING 

To  achieve  a  design  flux  of  1015  photons/s,  the  optical 
cavity  of  super  high  reflectivity  mirrors  referred  to  as  a 
supercavity  [11]  with  C02  CW  laser  stored  in  it  was 
implemented  in  the  10  m  circumference  storage  ring.  The 
electron  source  is  a  RF  Gun  and  the  injector  to  the  storage 
ring  is  a  microtron.  The  system  configuration  is  shown  in 
Fig.l  below.  The  machine  parameters  are  listed  in  Table 
1.  The  beta  function  and  dispersion  are  shown  in  Fig2. 


Electron  Injector 


Figure  1.  Fig.l  Laser  cooler  of  electron  storage  ring 
schematic 


4  CONDITIONS  FOR  LASER  FEL 

For  a  realization  of  FEL  beam  quality  of  the  electron 
beam  has  to  be  very  good.  The  necessary  conditions  for  a 
single  pass  amplification  are  ; 

(i)  Beam  Emittance,  en,  smaller  than  or  on  the  order  of 
the  wavelength  X, 

(ii)  Beam  energy  spread  smaller  than  the  FEL  parameter 

P. 

(iii)  Gain  length  shorter  than  the  radiation  Rayleigh 
range  LR,  (iv)  Phase  slip  NuXr,  is  much  smaller  that 
the  bunch  length  a,. 

Condition  (i)  can  be  satisfied  by  laser  radiative  cooling 
assuming  that  intra-beam  scattering  effect  could  be 
insignificant  at  this  energy  range. 

Condition  (ii)  are  done  by  cooler  ring  and  magnetic 
chicane.  It  is  argued  that  various  effects  such  as  non 
linearity  in  the  compression  and  acceleration  process, 
space  charge  effects,  transverse  wake  fields, coherent 
synchrotron  radiation  effects,  longitudinal  to  transverse 
coupling,  second  order  momentum  compacti 
A  supercavity  can  be  made  of  high  reflective  mirrors  with 
reflectivity  of  R=99.999.  The  finesse  F  of  this  optical 
resonator  is, 

F  =  a-jR/(l-R )  (5) 

The  incident  power  builds  up  by  factor/TT.  To  make  spread 
over  20  mrad  in  beam  size  for  large  irradiation  area  for 
angiography,  a  single  period  of  linear 
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Table  1:  Parameters  of  the  laser  cooler  storage  ring  of  5  SUMMARY 

electron  beam 


SR  X-ray  parameters 
RF  frequency 

photon  energy 
Peak  RF  voltage 
photon  flux 
energy  aperture 
natural  spectral  width 
Quantum  life  time 
Electron  beam  parameters 
Beam  radius  at  I.P. 
Beam  energy 
Laser  parameters 
Beam  current 
Wavelength 
number  of  bunches 
Peak  power 
Circumference 
Average  power 
Bending  radius 
Spot  radius  at  I.P. 
Energy  loss  per  turn 
Damping  time 
Equiv.  energy  spread 
Equiv.  norm,  emittance 
rms  bunch  length 


1500  MHz 
33keV 
126  kV 
10,5/s 
1.1  % 
0.3% 

1  hour 

100  pm 

132  MeV 

1.2  A 
10  pm 
50 

1  GW 
10  m 
10  MW 
1  m 

100  pm 
30  eV 
155  ms 
0.2% 

3.9xl07  m.rad. 
4.9  mm 


A  possibility  of  very  compact  X-ray  laser  induced  FEL 
was  presented.  This  scheme  uses  optical  laser  twice  for 
single  pass  X-ray  FEL  in  addition  with  a  magnetic 
chicane.  This  scheme  could  be  a  compact  and  less 
expensive  way  to  obtain  hard  X-ray  laser 
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Table  2.  Parameters  of  the  laser  cooler  of  electron  beam 


X-ray  LASER  FEL  Angstrom  region 


Beta  function  at  IP  1  cm 

C02  laser  peak  power  5  G  Watt 


B  365  Tesla 

K  3.889 

wavelength  X  5.8DD 

A/4tt  4.610" 

N  6.25xl09 

bunch  length  before  compression  5  mm 

bunch  length  after  compression  0.1  mm 

ne  2X1025 

plasma  ang.freq.  1.5xl013 

laser  ang.  fir eq.  1 ,9x  1 014 

FEL  parameter  p  0.003 

momentum  spread  after  compression  4xl0'5 
beam  energy  132  MeV 

absolute  emittance  2.8xl0'12 


Y  264 

Gain  length  L0  1 . 1  x  1 04 

Rayleigh  length  LR  0.006 
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THE  PROPOSED  ACCELERATOR  FACILITY  FOR  LIGHT  ION 
CANCER  THERAPY  IN  HEIDELBERG 

H.  Eickhoff,  D.  Bohne,  J.  Debus,  Th.  Haberer,  G.  Kraft,  M.  Pavlovic 

GSI  Darmstadt 


1  INTRODUCTION 

During  the  last  four  years  GSI  has  developed  a  procedure 
for  cancer  treatment  by  means  of  the  intensity  controlled 
rasterscan-method.  This  method  includes  active 
variations  of  beam  parameters  during  the  treatment 
session  and  the  integration  of  ’on-line’  PET  monitoring. 
Starting  in  1997  several  patients  have  been  successfully 
treated  within  this  GSI  experimental  cancer  treatment 
program.  The  developments  and  experiences  of  this 
program  accompanied  by  intensive  discussions  with  the 
medical  community  led  to  a  proposal  for  a  hospital  based 
light  ion  accelerator  facility  for  the  clinic  in  Heidelberg. 
[I] 

The  main  characteristics  of  this  facility  are  the 
application  of  the  rasterscan  method  with  active  intensity- 
,  energy-,  and  beamsize-  variation  in  combination  with 
the  usage  of  isocentric  light  ion  gantries.  The  accelerator 
is  designed  to  accelerate  both  low  LET  ions  (p,  He)  and 
high  LET  ions  (C,  O)  to  cover  the  specific  medical 
requirements. 

Major  aspects  of  the  design  are  influenced  from  the 
experiences  of  the  GSI  cancer  treatment  program;  the 
requirements  of  this  facility,  however,  exceed  in  many 
fields  those  of  this  GSI  therapy  program. 

2  REQUIREMENTS 

The  basis  of  the  accelerator  concept  has  to  satisfy  the 
demands  of  the  medical  community  for  the  treatment 
procedures.  One  of  the  key  aspects  of  the  proposed 
facility  is  the  use  of  the  intensity  controlled  rasterscan 
technique  (Fig.  1),  which  is  a  novel  treatment  concept, 
developed  at  GSI  and  successfully  applied  within  patient 
treatments  of  the  GSI  pilot  project. 


MAGNETIC  SCANNING  SYSTEM 


Fig.  1  Rasterscan-Method 

The  accelerated  and  slowly  extracted  beam  enters  2 
fast  scanner  magnets,  that  deflect  the  beam  both  in 


horizontal  and  vertical  direction  to  cover  the  lateral 
dimensions  of  the  tumor.  Ionization  chambers  in  front 
of  the  patient  measure  the  number  of  ions  at  a  specific 
irradiation  point  and  control  the  scanner  excitation.  Fast 
multiwire  proportional  counters  detect  the  position  and 
beam  width  at  each  scanning  point.  When  a  required  dose 
limit  has  been  reached  the  beam  extraction  is  interrupted 
very  fast  (<  0.5  ms). 

Whereas  at  presently  existing  therapy-dedicated  proton- 
and  light-ion  accelerators  for  cancer  treatment  the  beam- 
parameters  are  constant  over  the  treatment  interval,  this 
method  demands  fast,  active  energy-variation  to  achieve 
different  penetration  depths  and  intensity-variation  to 
minimize  the  treatment  time  [1]. 

The  main  requirements  of  the  proposed  facility  were 
intensively  discussed  with  radiotherapists  and 
biophysicists  and  can  be  summarized  as  follows: 

Table.  1 :  Therapy  requirements 

•  intensity-controlled  rasterscan  method 

•  treatment  both  with  low  and  high  LET-ions 

•  relatively  fast  change  of  ion  species 

•  wide  range  of  particle  intensities 

•  integration  of  isocentric  gantries 

•  3  treatment  areas  to  treat  a  large  number  of  patients 

•  ion-species  :  p.  He,  C,  O 

•  ion-range  (in  water)  :  20  -  300  mm 

•  ion-energy  :  50  -  430  MeV/u 

•  extraction-time  :  1  - 10  s 

•  beam-diameter  :  4  -  10  mm  (hor.,  vert.) 

•  intens.  (ions/spill)  :  1*10^  to  4*10^ 

(dependent,  upon  ion  species) 

3  LAYOUT  OF  THE  ACCELERATOR 
FACILITY 

Fig.  1  shows  the  cross  section  of  ground  floor  of  the 
building  (about  70*60  m^),  which  gives  an  impression  of 
the  accelerator-sections,  the  position  of  the  patients 
preparation  areas,  local  control  rooms  and  various 
laboratories.  Additional  space  for  housing  the  power 
supplies  and  further  technical  infrastructure  is  available  at 
another  floor  of  this  building. 

The  following  description  mainly  concentrates  on  a 
technical  discussion  of  the  various  accelerator  sections 
and  their  individual  features. 
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al  Injector  and  low  energy  beamline 
One  significant  medical  requirement  is  the  demand  to 
change  the  ion  species  used  for  treatment  (e.g.  protons 
ond  carbon  ions)  within  less  than  30  minutes;  due  to  this 
specification  the  installation  of  two  ECR  sources  is 
proposed,  which  permanently  have  to  be  in  an  operational 
state.  The  ECR  source  is  chosen,  as  this  type  provides  a 
very  stable  intensity  over  a  long  time  without  adjustment 
of  the  source  parameters.  The  required  particle  currents 
between  80  pA  (for  160^+  and  1.2  mA  (for  p)  are  rather 
conservative;  beam  tests  of  this  commercially  available 
source  indicate,  that  both  the  current  and  the  requested 
beam  emittance  can  easily  be  achieved. 

Each  source  branch  is  equipped  with  a  90  degree 
analysing  magnet  for  the  definition  of  the  requested  ion 
charge  state  and  the  detection  of  contaminations,  and  a 
solenoid  and  quadrupole  singlet  for  beam  matching.  The 
extraction  voltage  of  the  ECR-source  is  defined  to  8 
keV/u. 

Both  branches  are  combined  by  means  of  a  switching 
magnet,  which  leads  the  beam  to  the  low  energy  beam 
transport  system  (LEBT)  up  to  the  linac  RFQ.  The  LEBT 
contains  beside  a  matching  quadrupole  triplet,  a 
macropulse  chopper  and  a  matching  solenoid  an  rf- 
chopper-system  to  perform  the  requested  intensity 
reduction  up  to  0.1%  of  the  maximal  ion  intensity. 


b)  Linac.  Medium  energy  beam  transport 
A  combination  of  RFQ  and  IH-linac  structure  with  a 
total  length  of  about  6  m  is  proposed  to  accelerate  the 
ions  up  to  7  MeV/u.  The  RF-ffequency  of  these  structures 
is  216  MHz.  The  designed  pulse  length  is  200  ps,  the 
repetition  frequency  5  Hz.  The  normalized  beam 
emittance  is  about  0.4  Ttmm  mrad,  the  momentum  spread 
0.1%. 

The  medium  energy  beam  transport  consists  of  a 
stripping  and  a  matching  section  to  the  synchrotron.  In 
addition,  for  multiturn  injection  a  chopper  system  is 
provided  to  match  the  pulse  from  the  linac. 


cl  Synchrotron 

For  the  synchrotron  with  a  circumference  of  about  64 
meters  6  bending  magnets  with  a  maximum  flux  density 
of  1 .6  T  and  a  doublet  focusing  structure  are  proposed.  6 
long  drift  spaces  are  available  for  the  installation  of 
injection  and  extraction  elements  and  the  RF-cavity. 
After  a  15  turn  injection,  corresponding  to  an  injection 
time  of  30  ps,  the  acceleration  takes  place  within  0.5  s. 
For  slow  extraction  with  variable  extraction  time  between 
1  and  10  s  and  multiple  beam  extraction  at  the  same  flat 
top  the  'transverse  knock  out'  method  is  proposed. 

dt  High  energy  beam  transport 

The  high  energy  beam  transport  system  leads  the  slowly 
extracted  beam  either  to  a  beam  dump  or  distributes  it  to 
three  treatment  places.  Just  after  the  synchrotron 
extraction  section  a  fast  deflecting  magnet  will  prohibit 
the  beam  delivery  in  case  of  interlocks. 

e)  Treatment  areas 

In  order  to  meet  the  demand  for  a  patient  flow  of  1000 
patients/year  three  treatment  areas  are  foreseen.  For  the 
first  area  the  beam  will  be  delivered  from  a  horizontal 
beam  line,  similar  to  that  used  at  the  GSI  pilot  project. 
The  beam  for  the  second  and  third  treatment  places  will 
be  delivered  by  a  rotating  beam  transport  system 
('isocentric  gantry').  All  beam  lines  are  equipped  with 
horizontal  and  vertical  scanning  magnets  and  beam 
dignostic  devices  for  the  intensity  controlled  rasterscan. 
The  integration  of  PET  monitoring  systems  both  in  the 
horizontal  and  the  gantry  beam  lines  is  proposed  as  well. 

f)  Gantry  beam  lines 


42  deg.  Bending  Magn.  90  deg  Bending  Magn. 


A  strong  demand  of  the  medical  community  is  the 
installation  of  two  gantry  beamlines  for  irradiation 
angles  between  0  and  360  degree.  An  isocentric  gantry 
type  with  two  42  and  one  90  degree  bending  magnets  is 
proposed  ,  in  which  the  horizontal  and  vertical  scanning 
magnets  are  located  upstream  before  the  last  90  degree 
deflection  magnet  in  order  to  minimize  the  gantry-radius. 
The  irraddiation  field  is  20  *  20  cm^. 

The  total  length  of  this  gantry  is  about  20  m  and  the 
outer  radius  6.3  m.  In  order  to  limit  the  concrete  shielding 
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the  counterweight  of  the  mechanical  rotator  also  serves  as 
a  radiation  shielding. 

A  special  ion  optics  is  used  which  provides  an  achromatic 
beam  transport  to  the  treatment  location  independent 
from  the  gantry  angle.  In  addition  a  constant  beam 
diameter  is  achieved  for  different  horizontal  and  vertical 
beam  emittances. 


beam  path  [ml 

Fig.  4:  Beam  envelopes  for  gantry  angles  between  0  and 
90  degree  (e^  /  =0.5/5 .0  n  mm  mrad) 

(upper  trace  =  hor.,  lower  trace  =  vert.  env. 

—  =  dispersion  function) 

4  STATUS 

To  a  certain  extend  the  proposed  projects  benefits  from 
the  experiences  that  have  been  achieved  within  the  GSI 
pilot  therapy  project. 

•The  principles  of  the  accelerator  control  based  on  the 
usage  of  approved  settings,  stored  in  nonvolatile 
memories  will  probably  transferred.  The  demonstrated 
long  term  stability  of  the  beam  position  (see  Fig.  5)  could 
be  further  improved  with  a  moderate  position  feed  back 
beam  by  means  of  the  fast  position  monitors  and  the 
rasterscan-magnets. 

•The  intensity  controlled  rastercan-technique  has  been 
approved  within  a  large  number  of  treatment  fractions 
applied  to  patients.  Despite  the  strong  intensity 
modulation  of  the  spill  the  requested  dose  uniformity 
could  be  reliably  achieved. 

•The  ’on-line’  Positron-Emission  Tomography  (PET)  has 
proved  to  be  a  valuable  diagnostic  tool  for  dose 
verification.  The  application  of  this  method  to  the 
isocentric  gantry  is  under  investigation. 

•Most  of  the  anticipated  test  procedures  both  at  the 
accelerator  and  the  treatment  place  have  been  evaluated. 

At  GSI  for  the  proposed  facility  various  ion  optical 
design  studies  and  first  design  studies  of  critical  elements 
have  been  performed.  These  investigations  concern  all 
accelerator  sections  from  the  source  to  the  treatment 
caves.  Detailed  calculations  of  the  field  homogenity  for 


the  gantry  90  degree  bending  magnet  have  beeen  done. 
Design  criteria  for  this  magnet  were  evaluated.  In 
advance,  dedicated  studies  of  critical  items  (e.g.  the 
gantry  design)  will  be  performed  in  collaboration 
between  the  GSI,  the  DKFZ,  the  Heidelberg  Clinic  and 
industries.  Additional  funding  for  the  ’multifield 
irradiation  technique’  has  been  applied.  [3]  Within  this 
application  a  test  of  the  last  gantry  section  with  beam  at 
GSI  is  proposed.  First  steps  concerning  the  organization 
structures  and  the  financing  of  this  project  have  been 
undertaken. 


Long  term  Position  stability  (Dec.  1997) 


Fig.  5  Long-term  position  variations 

It  is  planned  to  build  the  facility  under  the  project 
leadership  of  the  radiological  clinic  in  Heidelberg  with 
substantial  support  from  industries.  The  know-how  and 
the  experiences  of  GSI  shall  be  transferred  to  the 
industrial  partners.  The  total  project  cost  are  assumed  to 
be  about  120  Mio  DM.  First  patient  treatments  are 
scheduled  around  2004/5  after  an  extensive 
commissioning  phase  of  about  1  year. 

[1]  J.  Debus  et  al.,  Proposal  for  a  dedicated  ion  beam 
facility  for  cancer  therapy’,  1998 

[2]  H.  Eickhoff  et  al,  ’Accelerator  Control  For  the  GSI 
Cancer  Therapy  Project,  EPAC  1998,  2348 

[3]  J.  Debus  et  al.,  HGF  Strategy  Fund  Proposal 
Development  of  intensity  controlled  multifield- 
irradiation  techniques  for  cancer  therapy  with  ion  beams’, 
1999 
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APPLICATIONS  OF  X-BAND  TECHNOLOGY  IN  MEDICAL 

ACCELERATORS 

S.  M.  HANNA+,  Siemens  Medical  Systems-OCS,  Concord,  CA 


Abstract 

Most  radiation  therapy  machines  are  based  on  microwave 
linear  accelerators.  The  majority  of  medical  accelerators 
use  frequencies  in  the  S-band  range.  Having  a  compact 
accelerator  allows  for  a  wide  range  of  treatments.  The  size 
and  weight  of  the  accelerator  is  substantially  reduced  if  a 
higher  frequency  is  used.  X-band  frequencies  are  suitable 
for  such  applications.  The  X-band  accelerator  technology 
has  been  used  in  high-energy  as  well  as  industrial 
applications.  In  the  radiation  therapy  field,  it  is  already 
implemented  in  some  machines.  The  Mobetron  [1],  an 
Intra-Operative  Radiation  Therapy  (IORT)  treatment 
system  is  one  example.  Another  example  is  the 
Stereotactic  Radiosurgery  machine,  the  CyberKnife  [2], 
The  compactness  of  these  machines  required  the  use  of  an 
X-band  accelerator.  The  basis  for  choosing  the  X-band 
technology  in  some  of  the  medical  machines  is  analysed. 
A  review  of  the  exiting  medical  applications  is  included. 
We  also  discuss  the  availability  of  other  X-band 
components  in  the  machine,  including  high-power  RF 
sources. 

1  X-BAND  ACCELERATOR 
TECHNOLOGY 

X-band  accelerator  development  has  gained  great 
momentum  in  the  last  ten  years,  motivated  by  the  need  for 
high-gradient  accelerators  for  the  future  linear  colliders  in 
high-energy  physics  research  [3].  Design  of  accelerator 
cells  [4],  manufacturing  [5],  and  characterization 
technique  [6]  have  been  developed. 

In  the  industrial  [7]  and  medical  [1,2]  fields,  there  are 
obvious  advantages  for  using  frequencies  higher  than  the 
S-band  range  that  is  prevalent  in  these  applications.  The 
dominant  factor  is  the  compactness  of  the  accelerator  with 
the  attendant  reduction  in  weight.  Consequently,  the  linac 
motion  can  be  precisely  controlled.  By  implementing  the 
X-band  technology,  one  can  use  a  shorter  length  for  a 
given  power  to  achieve  a  certain  electron  beam  energy. 
The  reasons  for  this  are  two-fold.  First,  the  shunt 
impedance  per  unit  length  is  higher  than  that  of  S-band. 
Second,  the  maximum  permissible  electric  field  strength  is 
also  higher.  The  frequency  dependence  of  these 
accelerator  parameters  is  listed  in  Table  1. 
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Table  1:  Frequency  Dependence  of  Accelerator 
Parameters 


Parameter 

Frequency 

Dependence 

Shunt  impedance  per  unit  length  (r) 

f 

Maximum  permissible  electric  field 
strength 

f 

RF  loss  factor  (0) 

f.m 

Power  dissipation  capability  of 
accelerator  structure 

/■' 

Certainly  there  are  some  trade-off  factors  to  be  considered 
with  the  use  of  X-band.  These  include  the  lower  Q  and 
lower  power  dissipation  capability  of  the  accelerator 
structure,  as  indicated  in  Table  1.  These  can  be  overcome 
by  careful  design  of  the  cooling  system.  In  addition,  a 
better  surface  finish  and  tighter  dimension  tolerances  are 
required. 

2  MEDICAL  APPLICATIONS 

Currently,  there  are  two  different  radiation  therapy 
applications  that  use  the  X-band  technology. 

2.1  Inter-Operative  Radiation  Therapy 

The  Inter-Operative  Radiation  Therapy  (IORT)  technique 
basically  refers  to  the  delivery  of  radiation  during  an 
operation  using  an  electron  beam.  This  technique  of 
radiation  therapy  has  been  proven  to  increase  the  survival 
rates  in  certain  cancer  cases.  Conventional  radiation 
therapy  machines  must  be  housed  in  special  shielded 
rooms,  requiring  the  patient  to  be  moved  from  the 
operating  room.  A  mobile  radiation  therapy  machine,  the 
Mobetron  [1],  engineered  and  developed  by  Intraop,  has 
met  the  need  for  a  self-shielded  machine.  Since  the  unit  is 
mobile,  it  can  be  easily  positioned  in  an  operating  room  to 
treat  cancerous  growths  with  good  precision  during 
surgery,  thus,  increasing  the  effectiveness  of  radiation 
doses  to  tumors  while  reducing  the  dose  to  surrounding 
healthy  tissue. 

The  design  approach  for  the  Mobetron  exploits  some  of 
the  unique  advantages  of  using  the  X-band  technology 
mentioned  above.  The  Mobetron  treatment  head  houses 
the  X-band  linac,  the  magnetron,  the  pulse  transformer, 
RF  loads,  the  circulator,  and  other  RF  circuitry. 
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The  linac  is  composed  of  two  colinear  accelerator 
sections.  The  energy  of  the  electron  beam  is  changed  by 
varying  the  power  to  the  second  section.  This  is  done 
through  a  phasing  technique  using  movable  shorts  driven 
by  motors  controlled  by  the  energy  control  system.  Thus, 
the  Mobetron  can  deliver  multiple  electron  energies, 
namely,  4  MeV,  6  MeV,  9  MeV,  and  12  MeV  at  two  dose 
rate  settings  (250  cGy/min  and  1000  cGy/min).  The 
electron  beam  exits  the  accelerator  through  a  thin  titanium 
vacuum  window. 

Siemens  Medical  Systems,  Inc.  -  Oncology  Care 
Systems  (OCS),  is  manufacturing  the  Mobetron  as  well  as 
marketing  it  in  collaboration  with  Intraop  Medical,  Inc. 


Figure  1:  The  Mobetron  IORT  system. 


2.2  Stereotactic  Radiosurgery 

Another  important  application  for  the  X-band  technology 
is  stereotactic  radiosurgery.  Accuray  Oncology  has 
developed  the  CyberKnife  [2],  This  machine  uses  an 
image-guided  robotic  system  to  precisely  deliver  an  X-ray 
beam  to  focal  lesions.  It  integrates  treatment  planning, 
imaging,  and  delivery  components,  all  of  which  are 
controlled  by  a  Workstation.  The  CyberKnife  uses  a 
compact  X-band  6MeV  Linac  operating  at  9.3GHz  and 
weighing  285  lbs.  The  relatively  lightweight  Linac  makes 
it  possible  for  the  robotic  arm  carrying  it  to  be  accurately 
positioned.  Fig.2  shows  the  CyberKnife  [8]. 


Figure  2:  The  CyberKnife  stereotactic  radiotherapy 
system. 


3  HIGH  POWER  MICROWAVE 
SOURCES 

The  S-band  has  been  the  prevailing  frequency  range  for 
linacs  in  medical  and  industrial  applications.  This  is 
mainly  attributed  to  the  availability  of  high  power 
microwave  sources  in  this  frequency  range.  Recently 
there  have  been  efforts  in  the  area  of  development  for  the 
X-band  sources. 

The  RF  high-power  source  for  both  the  Mobetron  and 
the  CyberKnife  linacs  is  the  1.5  MW  pulsed  magnetron 
(PM-1100X).  The  California  Tube  Laboratory,  Inc,  builds 
this  tunable  magnetron;  it  is  shown  in  Fig.  3.  Other  efforts 
for  developing  X-band  sources  include  the  tunable 
1.5MW  X-band  currently  in  development  at  EEV  and  the 
4  MW  klystron  by  Mitsubishi  [9], 


Figure  3:  The  CTL  1.5  MW  X-band  magnetron. 
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4  DISCUSSION 

Recent  X-band  research  and  development  for  linear 
collider  projects  have  been  providing  an  impetus  for  the 
development  of  X-band  accelerators  and  RF  sources. 

Klystrons  having  output  power  of  50  MW  and  higher  have 
been  developed  at  SLAC.  However,  for  the  medical 
linacs,  the  need  still  exists  for  the  development  of  X-band 
sources  of  a  few  MW  of  peak  power. 
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DESIGN  OF  A  BEAM  TRANSPORT  SYSTEM  FOR  A  PROTON  RADIATION 

THERAPY  FACILITY 

W.P.  Jones  and  G.P.A.  Berg,  Indiana  University  Cyclotron  Facility,  Bloomington,  IN  47408 


Abstract 

A  new  beam  transport  system  has  been  designed  to  bring 
the  210  MeV  proton  beam  from  the  Indiana  University  Cy¬ 
clotron  to  four  proton  therapy  treatment  rooms.  The  main 
trunk  line  will  be  achromatic  and  employ  a  fast  beam  split¬ 
ting  system  to  allow  treatments  simultaneously  in  different 
treatment  areas.  To  enhance  flexibility  of  operation,  each 
treatment  room  will  have  its  own  energy  degrader  and  en¬ 
ergy  selection  system.  There  will  be  two  treatment  rooms 
with  a  fixed  horizontal  beam  line.  The  first  will  be  an  up¬ 
grade  to  our  current  eye  treatment  facility  and  the  second 
will  be  designed  for  head,  neck,  and  brain  treatments  in¬ 
cluding  stereotactic  radiosurgery.  In  addition,  there  will 
be  two  rooms  with  iso-centric  gantries  for  more  complex 
multi-port  treatments. 

1  INTRODUCTION 

The  Indiana  University  Cyclotron  Facility  (”IUCF”)  is 
planning  a  conversion  of  the  space  formerly  used  for  nu¬ 
clear  physics  experiments  into  treatment  rooms  for  pro¬ 
ton  radiation  therapy  treatments  under  the  auspices  of  the 
Midwest  Proton  Radiation  Institute  (”MPRI”),  an  organi¬ 
zation  being  developed  by  IUCF  in  conjunction  with  the 
Advanced  Research  Technology  Institute  (”ARTI”)  at  In¬ 
diana  University  [1],  The  210  MeV  cyclotron  at  IUCF  will 
be  used  to  provide  protons  to  the  treatment  rooms.  In  addi¬ 
tion  there  will  be  an  experimental  room  for  biological  and 
radiation  effects  studies.  This  paper  will  describe  the  beam 
transport  system  being  planned  for  this  facility. 

2  BEAM  LINE  OVERVIEW 

The  beam  line  has  been  designed  to  provide  beams  of  eas¬ 
ily  adjusted  energy  and  intensity  to  each  of  the  treatment 
rooms  in  time  slices  on  the  order  of  hundreds  of  millisec¬ 
onds.  A  portion  of  the  full  energy  beam  will  be  carried  to  a 
remote  beam  dump  to  aid  in  the  control  and  stabilization  of 
the  cyclotron  beam.  The  emittance  of  the  full  energy  beam 
from  the  cyclotron  is  small  (  <  3  it  mm-mr).  The  energy 
degradation  process  significantly  increases  the  beam  emit¬ 
tance  and  the  energy  selection  systems  and  gantries  have 
been  designed  with  an  acceptance  of  30  tt  mm-mr  repre¬ 
senting  a  compromise  between  intensity  loss  and  magnet 
size  and  cost.  The  design  has  focussed  on  minimizing  the 
number  of  new  magnet  designs  and  will  use  existing  IUCF 
magnets  wherever  that  is  consistent  with  the  clinical  design 
requirements.  The  layout  of  the  beam  line  is  illustrated  in 
Fig.  1. 


2. 1  Beam  Achromat  Section 

Currently  the  cyclotron  beam  passes  through  a  45°  dipole 
magnet  and  enters  a  beam  corridor  which  leads  to  several 
experimental  rooms.  The  current  beam  line  has  a  large 
momentum  dispersion  to  meet  the  nuclear  physics  experi¬ 
mental  conditions.  This  initial  section  has  been  redesigned 
with  the  addition  of  a  pair  of  opposed  30°  dipoles.  This 
section  then  can  be  tuned  so  that  both  spatial  and  angu¬ 
lar  momentum  dispersions  of  the  beam  will  be  zero  every¬ 
where  in  the  trunk  line  leading  to  the  treatment  rooms.  This 
ion- optical  condition  reduces  horizontal  beam  instabilities 
due  to  movements  caused  by  momentum  changes  of  the 
cyclotron  beam. 

2.2  Beam  Trunk  Line  and  Splitting  Systems 

Each  treatment  room  will  have  its  own  local  energy  de¬ 
grader  system  and  as  a  consequence  the  trunk  line  will  op¬ 
erate  at  a  fixed  energy  and  existing  quadrupole  magnets 
with  solid  iron  returns  can  be  used.  The  cyclotron  beam 
with  a  maximum  intensity  of  about  1 .0  /i A  will  be  trans¬ 
ported  the  length  of  the  trunk  beam  line  into  the  main  beam 
dump  at  the  end  of  the  system.  Distribution  of  beam  into 
the  five  rooms,  R1-R5,  will  be  done  using  a  fast  beam  split¬ 
ting  system  at  the  entrance  to  each  room. 

The  splitter  system  to  be  used  will  be  a  modified  (and 
simplified)  version  of  those  currently  used  in  routine  oper¬ 
ations  for  the  IUCF  beam  lines.  Each  splitting  system  will 
consist  of  a  fast  kicker  dipole  with  a  rise  time  of  about  1  ms 
and  a  Lambertson  septum  magnet  and  will  be  installed  in 
the  drift  space  in  the  trunk  line  at  the  entrance  to  each  area. 
When  no  beam  is  being  requested  from  a  treatment  area  the 
full  beam  will  be  transported  down  the  trunk  beam  line  into 
the  main  beam  dump.  When  one  treatment  room  requests 
beam,  the  appropriate  kicker  dipole  will  be  activated  for  the 
duration  of  the  request  and  beam  will  be  kicked  down  into 
the  Lambertson  dipole  gap  and  bent  12°  horizontally  into 
the  energy  selection  system  of  the  treatment  room. 

The  present  proposal  is  to  have  a  4  Hz  cycle  divided  into 
four  packets:  treatment  slot  A  (100  ms),  treatment  slot  B 
(100  ms),  radiation  research  (25  ms),  and  beam  diagnostics 
(25  ms).  Each  time  slot  will  be  reserved  for  their  dedi¬ 
cated  purpose.  The  first  treatment  room  to  request  beam 
will  have  the  100  ms  of  treatment  slot  A  reserved  for  their 
sole  use.  If  a  reduced  dose  rate  is  required,  the  time  slot  can 
be  reduced  to  a  minimum  of  about  1 0  ms  (set  by  the  magnet 
rise  and  fall  times).  Further  beam  intensity  reduction  can 
be  accomplished  by  the  beam  intensity  modulation  systems 
presently  in  use  at  the  cyclotron.  This  consists  of  electro¬ 
static  quadruples  in  the  low  energy  beam  lines  and  allows 
modulation  of  the  beam  intensity  on  a  time  scale  faster  than 
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BEAM  DUMP 


Figure  1 :  Layout  of  beam  transport  system  and  treatment  rooms  for  the  Midwest  Proton  Radiation  Institute 


the  1  ms  of  the  splitter  system.  A  second  treatment  room 
can  independently  request  beam  during  time  slot  B  of  the  4 
Hz  cycle. 

2.3  Non-Linear  Expansion  Section 

For  medical  treatment  the  dose  uniformity  has  to  be  con¬ 
stant  to  about  ±  2%  over  the  treatment  region.  Cyclotron 
beams  do  not  meet  this  requirement  and  beam  spreading 
systems  are  necessary  to  prepare  a  usable  beam  distribu¬ 
tion.  The  double  scattering  beam  spreading  system  has  the 
disadvantage  of  reducing  the  beam  energy.  Therefore  the 
primary  beam  needs  to  have  a  significantly  higher  energy 
than  that  required  at  the  treatment  location. 

Another  technique  for  generating  large  area  uniform 
beam  distributions  is  using  multipole  magnets  to  alter  the 
beam  phase  space  as  described  by  [2],[3],  and  [4],  Their 
designs  provide  for  uniform  beam  distributions  over  ar¬ 
eas  of  several  hundred  square  centimeters  using  only  static 
magnetic  elements.  This  feature  would  provide  significant 
advantages  in  terms  of  control,  diagnostics,  and  operational 
flexibility  in  a  radiation  therapy  setting.  The  section  of 
beam  line  (NLE)  between  the  first  two  splitters  has  been 
designed  to  allow  for  the  possibility  of  incorporating  such 
a  system,  by  inserting  multipole  magnets  at  two  locations: 
one  where  there  is  a  horizontal  waist  and  a  large  vertical 
beam  width  and  a  second  where  the  horizontal  and  vertical 
conditions  are  interchanged.  A  preliminary  design  study 
of  a  non-linear  expansion  system  has  been  done  [5]  to  de¬ 
termine  whether  such  a  system  is  feasible  using  our  energy 
selection  systems  and  basic  beam  line  design.  At  this  point, 
it  appears  to  be  feasible  to  incorporate  such  a  system  in 
our  design.  The  beam  telescope  systems  after  each  splitter 
magnet  do  not  change  the  modified  phase  space  properties 
and  allow  a  large  area  beam  to  be  delivered  to  each  treat¬ 
ment  area  if  desired.  What  remains  to  be  done  is  the  de¬ 
termination  of  multipole  requirements  needed  to  match  to 
both  our  energy  selection  system  as  it  has  evolved  and  the 


isocentric  gantries  when  their  design  is  complete.  Devel¬ 
opment  efforts  will  also  be  required  to  guarantee  meeting 
clinical  dosage  uniformity  specifications. 

2.4  Energy  Selection  System 

Energy  selection  systems  (E1-E5)  will  be  installed  after 
each  kicker/Lambertson  magnet  combination  at  the  en¬ 
trance  to  each  treatment  room.  The  210  MeV  proton  beam 
wil»  pass  through  a  degrader  appropriate  to  the  treatment 
energy  and  then  enter  the  momentum  analysis  system.  The 
fixed  horizontal  line  and  the  two  gantries  (E2,  E3,  and  E4) 
require  fast  and  reproducible  energy  changes  and  so  will  be 
equipped  with  an  achromatic  energy  selection  system  using 
laminated  magnets.  Since  the  modified  eye  line  (El)  will 
operate  at  a  fixed  energy  it  will  use  existing  solid  iron  mag¬ 
nets.  Similarly,  the  research  and  radiation  effects  line  (E5) 
will  utilize  existing  magnets  since  it  does  not  require  rapid 
energy  changes. 

The  energy  selection  systems  (E2,  E3,  and  E4)  for  the 
three  new  treatment  rooms  (R2,  R3,  and  R4)  will  be  iden¬ 
tical.  A  variable  thickness  degrader  will  be  followed  by  a 
magnet  system  consisting  of  four  30°  dipole  magnets  and 
eight  quadrupole  magnets  (QQDDQQQQDDQQ).  A  hori¬ 
zontal  slit  system  in  the  center  of  the  system  will  provide 
momentum  analysis  of  the  beam.  The  resolving  power  of 
the  system  p/A p  =  R16/(2a;o*Rll)  =  420  for  a  horizon¬ 
tal  object  size  of  2x0  =  3  mm  at  the  degrader,  which  pro¬ 
vides  a  maximum  energy  spread  of  less  than  ±  0.5  MeV 
at  210  MeV.  This  resolving  power  is  necessary  to  meet  the 
medical  distal  fall-off  requirement.  The  system  will  deliver 
an  achromatic  beam  at  the  entrance  to  the  gantries  and  the 
fixed  beam  line  nozzles.  The  beam  will  be  at  a  double  waist 
(vertically  and  horizontally  identical)  at  those  locations. 

2.5  Beam  Telescopic  Sections 

The  beam  line  sections  (TEL1  and  TEL2)  connecting  the 
splitter  magnets  leading  to  treatment  rooms  R2  and  R3, 
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and  connecting  the  magnets  leading  to  rooms  R3  and  R4, 
have  been  designed  to  have  unit  transfer  matrices  so  that 
the  beam  properties  at  the  entrance  to  each  of  the  energy 
selection  systems  will  be  identical  and  the  three  new  en¬ 
ergy  selection  systems  will  be  identical. 

3  TREATMENT  ROOMS 

The  layout  of  the  facility  shows  four  treatment  rooms  R1 
...  R4  and  one  experimental  area  R5  for  biological  and  ra¬ 
diation  effects  studies.  The  first  treatment  area  R1  closest 
to  the  cyclotron  is  a  fixed  horizontal  beam  designed  for  eye 
treatment.  This  area  is  already  in  operation  and  presently 
used  for  a  study  of  age-related  macular  degeneration. 

The  second  treatment  room  R2  accommodates  two  fixed 
beam  lines  which  will  be  configured  for  head,  neck  and 
brain  treatments.  Also  stereotactic  radiosurgery  will  be 
possible  in  this  room.  For  more  complex  treatments  both 
treatment  areas  R3  and  R4  will  be  equipped  with  isocentric 
gantries. 

For  optimal  use  of  the  beam  of  the  cyclotron  another 
room  R5  at  the  end  of  the  existing  building  will  allow  radia¬ 
tion  effects  in  two  fixed  beam  lines.  Also  biological  studies 
will  be  possible  in  this  room. 

3.1  Beam  Spreading  Systems 

In  order  to  carry  out  large  area  irradiations,  the  beam  line 
has  been  designed  to  be  compatible  with  double  scatter¬ 
ing  systems,  magnetic  wobbling  systems,  and  eventually 
with  a  full  three  dimensional  scanning  system.  The  dou¬ 
ble  scattering  system  is  simplest  and  will  be  used  wherever 
the  limits  imposed  by  additional  energy  and  flux  loss  al¬ 
low.  Magnetic  wobblers  eliminate  those  problems  but  add 
some  complexities  in  both  dosage  control  and  verification. 
However,  those  problems  will  require  solution  in  order  to 
develop  a  system  capable  of  providing  three  dimensional 
intensity  modulated  treatments.  It  is  also  hoped  that  the 
static  non-linear  expansion  system  described  earlier  can  be 
developed  to  provide  irradiations  with  clinically  acceptable 
uniformity. 

3.2  Preliminary  Gantry  Design 

We  have  concluded  that  a  single  plane  gantry  will  better 
satisfy  our  requirements  than  either  a  corkscrew  gantry  [6] 
or  a  gantry  of  the  type  in  use  at  PSI  [7], 

A  single  plane  gantry  consists  of  two  dipole  magnets 
which  bend  the  beam  first  45°  away  from  the  beam  axis 
and  135°  back  to  the  isocenter,  perpendicular  to  the  orig¬ 
inal  beam  direction.  Five  entrance  quadrupoles  and  five 
quadruples  between  the  dipoles  are  needed  to  guide  the 
beam  of  30  n  mm-mr  emittance  in  both  transverse  direc¬ 
tions  through  the  narrow  dipole  gaps  and  to  meet  achro- 
maticity  and  other  beam  requirements  at  the  isocenter. 
Since  the  gantry  will  be  used  at  arbitrary  azimuthal  angles 
it  is  important  to  provide  an  achromatic  beam  with  identi¬ 
cal  emittances  at  the  gantry  entrance.  The  beam  at  the  exit 


of  the  energy  selection  systems  meets  those  requirements 
and  is  further  shaped  by  the  entrance  quadrupoles  to  meet 
the  aperture  restrictions  of  the  gantries. 

A  single  plane  gantry  is  presently  commercially  avail¬ 
able  [8]  and  has  been  schematically  shown  in  figure  1  with 
the  addition  of  a  fifth  entrance  quadrupole  which  improves 
the  matching  to  our  energy  selection  system. 

4  MAGNET  DESIGN 

The  new  beam  line  requires  the  design  of  a  new  30°  dipole 
magnet.  Two  of  these  laminated  magnets  will  be  used  in 
the  beam  achromat  section  preparing  the  beam  for  the  trunk 
line  and  four  of  the  dipoles  will  be  used  in  each  of  the  en¬ 
ergy  selection  systems.  No  new  quadrupole  magnet  designs 
will  be  required.  Either  existing  beam  line  quadrupoles  will 
be  used  (in  the  trunk  line)  or  copies  of  one  of  the  two  types 
of  quadrupoles  used  in  IUCF’s  electron-cooled  storage  ring 
will  be  used.  These  laminated  quadrupoles  will  be  used  in 
the  energy  selection  systems  and  at  a  few  locations  in  the 
trunk  line  where  stronger  fields  or  larger  apertures  (10  cm 
diameter)  are  required. 

5  REFERENCES 

[1]  J.  Cameron  et  al.,  to  be  published  in  the  Proceedings  of  the 
15th  International  Conference  on  the  Application  of  Acceler¬ 
ators  in  Research  and  Industry. 

[2]  E.  Kashy  and  B.  Sherrill,  Nucl.  Instr.  and  Meth.  B26  (1987) 
610. 

[3]  B.  Sherril  et  al.,  Nucl.  Instr.  and  Meth.  B40/41  (1989)  1004. 

[4]  A.  Jason,  B.  Blind,  and  K.  Halbach,  Proceedings  of  the  1997 
Particle  Accelerator  Conference,  p3782. 

[5]  M.  Schulze,  private  communication. 

[6]  Koehler,  A.  M.,  Proc.  5th  PTCOG  Meeting,  April  1987, 
Lawrence  Berkeley  Report  LBL-22962  pp.  147-158. 

[7]  Pedroni,  E.  and  Enge,  H.,  Med.  Biol.  Eng.  Comp.  33  (1995) 
271-277. 

[8]  Y.  Jongen  et  al.,  Nucl.  Instr.  and  Meth.  B79  (1993)  881 . 


2521 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


CONTROL  OF  THE  SLOW  EXTRACTION  PROCESS  IN  A  DEDICATED 
PROTON  SYNCHROTRON  FOR  HADRON  THERAPY 

A.Yu.Molodozhentsev#,  G.I.Sidorov,  JINR,  Russia 


Abstract 

The  ring  design  of  the  synchrotron  [1]  for  cancer 
treatment,  based  on  the  third-order  resonant  extraction, 
was  been  performed  to  meet  the  special  medical 
requirements.  The  uniformity  of  the  slow  extracted  beam 
from  the  proton  synchrotron  is  the  main  requirement  on 
the  beam  quality  determined  by  the  medical  application. 
The  smooth  extraction  during  at  least  400  msec  should  be 
realized  for  the  'raster'  scanning  of  tumours.  Control  of  the 
slow  extraction  over  the  whole  spill  time  is  discussed  in 
this  report.  To  keep  all  lattice  functions  of  the  ring 
constant  during  the  extraction  a  slow  moving  of  the 
accelerated  particles  into  the  resonance  can  be  used.  To 
reduce  a  degradation  of  the  uniformity  of  the  extracted 
beam  by  ripples  from  the  power  converters  of  the 
magnetic  elements,  the  RF  empty-bucket  channeling 
method  [2]  should  be  utilized.  This  method  allows  reduce 
the  ripple  influence  during  slow  extraction.  Both  methods 
are  analyzed  to  control  the  slow  extraction  for  the 
dedicated  proton  synchrotron.  Main  parameters  of  the 
betatron  core  for  this  machine  are  determined.  To  realize 
the  'empty-bucket'  technique,  the  RF  system  of  the 
synchrotron  can  be  used  with  the  maximum  voltage  at 
least  1 .5  kV.  Influence  of  the  high-frequency  ripple  on  the 
multiplying  factor  and  the  duty  factor  of  the  spill  is 
studied. 

1  INTRODUCTION 

A  conventional  synchrotron  seems  to  be  the  most 
acceptable  accelerator  for  the  'active  scanning'  of  tumours. 
The  dedicated  proton  synchrotron  should  be  designed  to 
meet  specific  medical  requirements  on  the  beam  quality, 
in  particular,  the  spill  homogeneity  over  full  extraction 
period.  The  'active  scanning'  technique  needs  in  the  slow 
extraction  of  the  accelerated  particles  to  perform  on-line 
dosimetry  at  the  patient  and  to  switch  the  beam  on  and  off 
according  to  the  dose  required.  This  directly  determines 
the  performance  of  the  machine  [1],  The  customised 
lattice  of  the  synchrotron  has  been  developed  to  apply  the 
Hardt  condition.  To  perform  the  ultra-slow  extraction,  the 
moving  the  coasting  beam  into  the  resonance  region  is 
chosen.  This  method  has  the  great  advantage  of  leaving 
the  optical  parameters  of  the  machine  constant  during  the 
extraction.  In  particular,  the  beam  is  accelerated  towards 
the  stationary  resonance  by  a  betatron  core  [3],  installed 
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in  the  dispersion-free  drift  space  of  the  ring.  The 
uniformity  of  the  slow-extracted  beam  is  degraded  by 
ripples  from  the  power  supply  of  the  magnetic  elements  of 
the  synchrotron.  Making  the  beam  particle  cross  more 
quickly  from  the  stable  to  the  unstable  region  can  reduce 
this  effect.  The  RF-bucket  channeling  seems  to  be  a  good 
candidate  for  compensating  low  frequency  ripples 
(<lMHz)  in  spills  of  the  order  of  one  second.  The 
combination  of  these  two  accelerations  ('smooth'  and  'fast' 
accelerations)  should  guarantee  the  required  beam  quality 
for  the  medical  application.  Fig.l  illustrates  this  method 
of  control  of  the  slow  extraction  process. 


AW  (MeV)  Particle  channeling 


Figure  1:  Illustration  of  the  technique  of  moving  the 
accelerated  particles  into  the  unstable  region. 


During  the  extraction  (400  msec)  the  betatron  core 
'drives'  the  'waiting  stack'  slowly  into  the  resonance 
(changing  Ap/p0)  to  provide  smooth  acceleration  of  the 
particles  with  the  momentum  spread  from  the  value  of 
(-0.005)  till  (-0.001)  [1].  The  maximum  deviation  of  the 
particle  momentum  from  the  resonance  value 
( Ap/p0=-0.005 )  is  chosen  to  avoid  crossing  of  dangerous 
high-order  resonance  lines  during  the  extraction. 
Changing  the  momentum,  the  particles  will  be  pushed  into 
the  RF  channel  and  will  be  accelerated  rapidly.  The 
particle  velocity  in  this  channel  is  increased,  but  the 
density  is  reduced.  Then  the  particle  flux  is  constant  that 
determines  the  required  quality  of  the  extracted  proton 
beam.  To  realize  this  scenario,  it  is  necessary  to  determine 
the  main  parameters  of  the  betatron  core  with  the  power 
supply  and  adapt  the  RF-system  [4]  for  the  'empty'  bucket 
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technique.  Main  parameters  of  the  accelerated  proton 
beam  are  collected  in  Table  1 . 


Table  1 :  Parameters  of  the  dedicated  proton  machine. 


Circumference 

m 

41 

Accelerated  particles 

proton 

Number  of  circulating  particles 

6.25xl010 

Slow  extraction  scheme 

Third-integer 

resonance 

Maximum  kinetic  extraction 
energy,  Ec 

MeV 

220 

P  at  Ec 

0.586361 

Y  at  Ec 

1.23449 

Momentum  at  Ec 

MeV/c 

679.123 

Revolution  period  at  Ec 

p.sec 

0.2334 

Beam  intensity  at  Ec 

mA 

41.13 

Magnetic  rigidity  at  Ec 

T-m 

2.265 

% 

0.4 

Repetition  rate 

Hz 

1 

Typical  cycle: 

Injection 

Acceleration 

Extraction  flat  top 

Fall 

Ms 

50 

200 

500  (400) 

250 

2  BETATRON  CORE 

To  determine  the  main  parameters  of  the  betatron  core 
and  of  the  power  supply,  the  required  calculations  have 
been  made  for  the  Cockerill  steel.  The  required  total 
magnetic  flux  variation  needed  to  provide  the  momentum 
variation  of  0.004  is  equal  to  0.371  Weber  for  the 
developed  synchrotron.  To  get  this  flux,  the  magnetic 
field  should  be  changed  from  Bmax  till  Bmi„=  -Bmax.  The 
maximum  average  magnetic  field  <B>mta  inside  the 
betatron  core  should  be  equal  to  1.2  Tesla  to  avoid  the 
steel  saturation.  The  core  length  should  be  0.6  meter  to  be 
installed  in  the  ring.  The  transverse  dimensions  of  the 
betatron  core  are  as  follows:  rin-0.120  m,  rex, =0.378  m. 
Some  special  function  of  the  current  variation  during  the 
half  of  the  whole  cycle  IN(t)  has  been  defined  (Fig.2)  to 
meet  the  requirement  (d<P/dt  =  Constant ). 


Figure  2:  Current  variation  during  a  half  of  the  time  cycle. 


The  main  characteristics  of  the  betatron  core  and  the 
power  supply  system  are  collected  in  Tables  2-3.  It  is 
necessary  to  underline  that  the  extraction  energy  should 
be  changed  step  by  step  from  a  maximum  value  till  a 
minimum  one  to  treat  tumours. 


Table  2:  Main  parameters  of  the  betatron  core 


Required  flux  variation  during  extraction 

Wb 

0.371 

Length 

m 

0.60 

Maximum  average  magnetic  field  in  yoke 

T 

1.2 

Internal  radius 

m 

0.12 

External  radius 

m 

0.378 

Area  of  the  section  perpendicular  to  the 
magnetic  field  lines 

m 

0.155 

Lamination  thickness 

mm 

0.5 

Steel  density 

kg/m3 

7870 

Steel  mass 

mm 

1’890 

Table  3:  Main  parameters  of  the  power  supply 


Number  of  turns  of  the  coil 

10 

Section  of  the  wire 

10 

Length  of  the  wire 

m 

17.2 

Copper  resistivity  at  60  °C 

Q-m 

2.035xl0'8 

Maximum  value  of  inductance 

mH 

100.93 

Minimum  value  of  inductance 

mH 

4.15 

Maximum  current  density 

A/mm4 

3.25 

Total  coil  resistance 

(copper  +  eddy  current) 

m£2 

48.38 

(35+13.38) 

Total  resistive  power 

W 

14.4 

Maximum  absolute  value  of 
voltage 

V 

32 

To  evaluate  the  influence  of  the  high-frequency  ripple 
of  the  power  supply,  it  is  necessary  to  consider  the  voltage 
applied  to  the  coil  in  the  following  form 
VCoii=Vo+Vcos(tOt).  .  The  eddy  currents  in  the  betatron 
core  prove  a  smoothing  effect  in  the  case  of  the  high- 
frequency  ripple.  Increasing  of  the  lamination  thickness 
can  reduce  the  current  ripple.  The  present  choice  of 
laminations  of  0.5  mm  gives  a  time  constant  of  about 
8.3msec.  Then  for  the  ripple  voltage  of  the  order  of 
3.5xl0'5  (  or  0.001  mV)  at  a  frequency  of  600  Hz  the 
resulting  current  ripple  is  of  the  order  of  3.3xl0'6  A.  This 
high-frequency  current  ripple  is  by  100  times  smaller  than 
the  low-frequency  component.  Increasing  the  lamination 
thickness  one  can  increase  the  eddy  current  time  constant 
and  the  smoothing  of  the  magnetic  field  ripples.  But  in 
this  case  the  power  dissipation  will  be  bigger.  The 
optimization  of  the  power  supply  and  the  lamination 
thickness  should  be  performed  before  the  betatron  core  is 
developed  for  the  dedicated  proton  synchrotron. 
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3  RF-CHANELLING 

As  was  mentioned  above,  ripples  from  the  power 
converters  of  the  magnetic  elements  and  the  power  supply 
of  the  betatron  core  degrade  the  uniformity  of  the  slow- 
extracted  beam  from  the  synchrotron.  The  empty  buckets 
cause  obstacles  for  particle  motion  in  the  longitudinal 
phase-plane  and  create  the  channel  for  these  particles. 
Using  the  betatron  core  the  beam  is  pushed  into  this 
channel  'smoothly'.  In  this  channel  dN/dQ  is  reduced,  and 
dQ/dt  increased. 

The  parameters  of  the  RF  bucket  are  determined  by 
the  process  of  extraction.  The  RF  frequency  should  be 
equal  to  the  revolution  frequency  to  keep  the  particle 
energy  constant  at  the  synchronous  phase.  The  'resonance' 
energy  of  the  particles  depends  on  their  betatron 
amplitude:  the  higher  betatron  amplitude  -  the  lower  the 
'resonance'  energy.  To  get  a  high  multiplying  factor  for  all 
the  extracted  particles,  the  RF  empty  bucket  should  be 
located  properly  with  the  required  bucket  height. 

To  create  the  channel  between  the  RF  empty  buckets, 
the  reference  phase  should  be  a  non-zero  value,  which  can 
be  obtained  from  the  following  condition.  The  energy 
change  in  the  bucket  should  be  compensated  by  the 
changes  in  the  machine  that  are  caused  by  the  betatron 
smooth  acceleration.  From  this  relation  of  the  main 
machine  parameters  it  is  possible  to  get  a  definition  of  the 
required  phase  of  the  RF  system: 


|r|=[»»0o| 


n""?  (Bp)(Ap-P-0> 

Vm  H  TspW 


(1) 


The  RF  empty  bucket  should  be  positioned  so  to  get 
an  improvement  for  all  the  betatron  amplitude.  The 
determined  beam  parameters  require  the  'waiting  stack'  to 
be  located  below  the  resonance  energy.To  study  the  ripple 
influence,  the  multiplying  factor  (K)  and  the  duty  factor 
( 3 )  can  be  written  in  the  following  form: 
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where  rotopm  ,  and  «r-PRo/P0 

The  function  K(AE)  for  some  values  of  the  RF 
voltage  ( 1000  V,  1600  V,  1800  V)  is  shown  in  Fig.3.  The 
reference  phase  of  the  RF  system  for  Vm=1600  V  is  equal 
to  r=5.813xl0'4  ( <p0=-0.033  gedree). 

The  RF-empty  bucket  technique  becomes  less 
effective  in  the  case  of  the  high-frequency  (( o>1000  Hz) 
ripple  (Figure  3).  Another  specific  feature  of  this  method 
is  that  particles  are  extracted  in  a  small  interval  of  the  RF 


phase  (A<p).  This  results  in  modulation  of  the  spill  at  the 
high  harmonics  of  the  RF  system  (few  MHz). 
Nevertheless,  for  the  medical  machine  the  slow  extraction 
process,  the  physical  spot  size  and  the  integration  time 
average  this  spill  modulation  in  the  on-line  dosimetry 
system. 


Figure  3:  A’-factor  as  a  fuction  of  AE  for  different  values 
of  Vm  (lOOOkV,  1600  kV,  1800  kV). 


0  200  400  600  800  1000 

■fl,  ffi  ,1000, 


Figure  4:  K-factor  as  a  function  of  the  ripple  frequency  for 
different  values  of  aR  (10‘3,  10"4). 


4  CONCLUSION 

Combination  of  the  'smooth'  and  'fast'  acceleration 
during  the  long  extraction  spill  for  the  medical  proton 
synchrotron  has  been  studied.  For  the  RF-channeling  of 
the  'fast'  acceleration  of  the  extracted  particles  the  RF 
system  of  the  machine  can  be  used. 

We  wish  to  thank  Ph.Bryant,  Ch.Steinbach  and 
S.Rossi  (PIMMS,  CERN)  for  helpful  discussions. 
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MUONS  VERSUS  HADRONS  FOR  RADIOTHERAPY  * 

N.  V.  Mokhovt ,  and  A.  Van  Ginneken,  FNAL,  Batavia,  IL 


Abstract 

Intense  low  energy  muon  beams  -  as  part  of  a  muon  col¬ 
lider  complex  -  may  become  available  for  use  in  radiother¬ 
apy.  It  is  of  interest  to  compare  their  effectiveness  in  this 
application  with  that  of  hadron  beams  in  a  setting  where 
processes  common  to  these  beams  are  treated  exactly  alike. 
Detailed  simulations  of  physics  processes  for  muon,  proton, 
antiproton,  neutron,  kaon  and  pion  beams  stopping  in  vari¬ 
ous  media  have  been  performed  using  the  MARS  code  with 
newly  developed  weighted  algorithms.  Special  attention  is 
paid  to  p~, n~,  and  p  capture  on  light  nuclei.  Calculated 
distributions  of  energy  deposition  and  dose  equivalent  due 
to  processes  involving  primary  beams  and  generated  secon¬ 
daries  are  presented  for  a  human  tissue-equivalent  phantom 
(TEP).  The  important  ratio  of  dose  delivered  to  healthy  tis¬ 
sue  vs  dose  to  tumor  is  examined  within  this  model.  The 
possibility  of  introducing  heavier  elements  into  the  tumor 
to  increase  capture  of  stopped  p~  is  briefly  explored. 

1  INTRODUCTION 

Facilities  needed  for  a  muon  collider[l]  would  provide  an 
unprecedented  variety  of  intense  hadron  and  muon  beams  in 
an  energy  range  well  suited  for  radiotherapy.  Hadron  beams 
have  been  shown  to  offer  certain  advantages  in  cancer  treat¬ 
ment  compared  to  conventional  photon  radiotherapy[2].  To 
explore  the  potential  of  beams  available  at  a  muon  collider, 
we  have  developed  the  coding  necessary  to  simulate  the  de¬ 
tailed  dose  distributions  associated  with  these  beams.  A 
large  part  of  this  effort  concerns  the  processes  occurring 
when  particles  are  stopped.  First  results  show  that  such 
beams  can  be  used  successfully  in  radiotherapy.  Compar¬ 
ison  of  the  effectiveness  of  various  beams  with  each  other 
and  with  simulations  may  offer  valuable  insight  into  this 
type  of  cancer  treatment. 

2  STOPPED  HADRONS  AND  MUONS 

A  careful  treatment  of  processes  near  and  below  the 
Coulomb  barrier  in  hadron  and  muon  transport  has  been  im¬ 
plemented  in  MARS  (stopping  by  ionization  losses  vs  nu¬ 
clear  interaction  vs  decay). 

2.1  Pions 

A  stopping  ir+  decays  into  p+  of  4.1  MeV  plus  a  neutrino 
while  a  7T_  attaches  to  a  nucleus  (via  a  modified  Fermi- 
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Teller  law).  While  cascading  down  the  atomic  energy  lev¬ 
els  the  pion  is  captured  predominantly  from  a  high  orbit 
thus  only  a  few  low  energy  photons  are  emitted  (which 
may  be  neglected  here).  The  hadronic  interaction  of  the 
stopped  7 r~  is  treated  using  the  Cascade-Exciton  Model  [4] 
with  a  few  modifications.  When  hydrogen  is  the  target  it 
is  assumed  there  is  a  60%  probability  for  charge  exchange 
(7 r~p  — >  7r°n)  whereupon  the  7 r°  decays  into  two  pho¬ 
tons  of  68.9  MeV  each  and  the  neutron  acquires  a  small 
(0.4  MeV)  kinetic  energy.  The  remaining  40%  of  stopped 
7T~  in  hydrogen  interact  via  radiative  capture:  it ~p  — > 
717.  Here  the  photon  acquires  129.4  MeV  and  the  neu¬ 
tron  8.9  MeV  kinetic  energy.  Other  nuclides  have  a  much 
smaller  probability  for  radiative  capture  (1-2%)  which  is 
taken  into  account  in  competition  with  the  non-radiative 
type  as  simulated  by  the  cem95  code.  The  photon  energy 
is  chosen  from  an  empirical  fit  to  experiment  while  the  re¬ 
mainder  is  deposited  as  excitation  energy. 

2.2  Muons 

A  stopping  p+  always  decays  into  evV  while  a  p~  at¬ 
taches  itself  to  a  nucleus.  When  a  p~  stops  in  a  compound 
or  mixture  one  first  decides  to  which  nucleus  the  p~  at¬ 
taches  (modified  Fermi-Teller  law).  Following  attachment 
the  muon  may  still  decay  as  decided  by  comparing  cap¬ 
ture  and  decay  lifetimes  of  which  the  latter  is  favored  for 
light  nuclei  (Z<11).  A  captured  p~  then  cascades  down 
to  the  ground  state  of  the  muonic  atom  emitting  photons 
along  with  some  Auger  electrons,  all  of  which  is  simulated 
using  approximate  fits  to  the  atomic  energy  levels.  In  hy¬ 
drogen  p~  capture  always  produces  a  5.1  MeV  neutron  via 
inverse  /3-decay.  In  complex  nuclei  the  giant  dipole  reso¬ 
nance  plays  a  role  and  results  in  an  ‘evaporation’-type  neu¬ 
tron  spectrum  with  one  or  more  resonances  superimposed. 
In  addition  smaller  numbers  of  evaporation-type  charged 
particles  and  photons  may  be  emitted. 

2.3  Antiprotons 

Stopped  p  attach  to  nuclei  in  the  same  way  as  or  p ~ .  An¬ 
nihilation  at  rest  is  assumed  to  produce  only  pions,  neglect¬ 
ing  some  of  the  rarer  modes  involving  strange  particles. 
Charges  of  produced  pions  are  slightly  skewed  towards  7r~ 
in  view  of  the  ‘brought  in’  negative  charge.  Pion  momenta 
are  chosen  from  an  inclusive  distribution  loosely  based  on 
experiment.  The  energy  weighted  distribution  is  normal¬ 
ized  to  twice  the  nucleon  mass  which  predicts  a  multiplic¬ 
ity  of  4.3 — close  to  observation.  In  a  complex  nucleus  the 
annihilation  is  treated  as  though  it  occurs  on  free  nucleon 
except  that  each  pion  produced  by  the  annihilation  process 
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is  given  a  50%  probability  to  interact  within  the  nucleus. 
This  shortcut  attempts  to  include — at  least  qualitatively — 
participation  by  the  constituent  nucleons. 

Total  cross  sections  for  pA  in  flight  are  estimated  from 
geometrical  considerations  and  from  app,  opn,  opp,  and  apn 
data.  Annihilation  in  flight  uses  the  same  (Lorentz  trans¬ 
formed)  inclusive  pion  distribution  as  annihilation  at  rest. 
Above  0.1  GeV/c  a  small  pp  — >  nn  component  is  included. 
Nuclear  target  effects  are  again  approximated  by  allowing 
some  re-interaction  of  emerging  particles  in  the  same  nu¬ 
cleus.  Quasi-elastic  events  of  p,  n  with  target  nucleons  rely 
on  MARS  algorithms  for  pA  and  nA  but  with  the  fastest 
emerging  nucleon  identified  as  its  antiparticle. 

3  DOSE  DISTRIBUTIONS 

A  few  selected  results  on  dose  delivered  to  the  TEP  are 
presented.  For  lack  of  space  these  are  restricted  to  ab¬ 
sorbed  dose  [5],  To  facilitate  inter-comparison,  the  beam 
energy  for  each  type  of  particle  is  chosen  to  have  a  range 
of  15  cm  in  tissue:  147.2  MeV  for  protons,  68.3  MeV  for 
pions  and  61.8  MeV  for  muons.  Each  beam  is  uniformly 
distributed  over  -0.5<x,y<0.5  cm  and  is  incident  normally 
on  a  30  cm  slab  TEP.  A  70  MeV  neutron  beam  is  included 
for  a  comparison.  Fig.  1  shows  the  absorbed  energy  as  a 
function  of  depth  for  each  beam.  Isodose  contours  for  ab¬ 
sorbed  dose  produced  by  the  p,  n~ ,  and  p~  beams  are  pre¬ 
sented  in  Fig.  2.  In  Fig.  3  the  laterally  integrated  dose  due 
to  tt~  and  p~  beams  of  the  above  energy  is  analyzed  into 
its  main  contributing  mechanisms.  In  both  cases  ioniza¬ 
tion  losses  are  the  main  contribution  up  to  and  including 
the  Bragg  peak.  For  n~  there  is  comparable  contribution 
near  the  peak  from  high-dE/dx  charged  particles  associated 
with  capture.  Decay  of  the  pions  results  in  muons  deposit¬ 
ing  3.17  and  0.49  MeV  for7r+  and  7r~  while  neutrinos  carry 
away  60.2  and  0.49  MeV,  respectively.  For  p~  the  second 
largest  dose  contribution  is  due  to  electrons  from  p  decay 
and  the  showers  induced  by  them. 


Figure  1 :  Laterally  integrated  absorbed  energy  in  a  TEP  for 
proton,  pion,  muon  and  neutron  1  x  1  cm  beams. 
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Figure  2:  Absorbed  isodose  contours  (nrad  per  incident 
particle)  in  a  TEP  for  147.2  MeV  p  (top),  68.3  MeV  7r~ 
(middle)  and  61.8  MeV  p~  1  x  1  cm  beams. 

As  a  rough  measure  of  effectiveness  of  the  various  par¬ 
ticle  beams  one  may  compare  dose  delivered  at  entrance 
with  that  at  the  peak.  The  entrance  dose  can  be  regarded  as 
a  general  proxy  for  dose  delivered  to  healthy  tissue  and — 
in  addition — is  of  particular  interest  in  connection  with  the 
‘skin  sparing  effect’ [2].  In  this  regard  it  makes  sense  to 
compare  the  ratio  of  peak  absorbed  dose,  as  a  measure  of 
radiotherapeutic  effectiveness,  to  entrance  dose  equivalent 
as  a  measure  of  damage  to  healthy  tissue  (and  in  particular 
to  the  skin).  This  comparison  is  shown  in  Table  1  for  doses 
averaged  over  Ar  about  the  beam  axis  and  over  a  depth  of 
Az  near  the  peak  for  two  cases:  (1)  Ar=Az=0.5  cm  and  (2) 
Ar=Az=l  .5  cm.  These  can  be  thought  to  represent  tumors 
with  volume  of  0.39  and  10.6  cm3,  respectively.  It  is  seen 
that  by  this  measure  n~  are  most  effective  although,  except 
for  neutrons,  the  other  beams  come  close — particularly  for 
the  larger  region. 

A  stopping  p~  attaches  more  readily  to  a  heavy  nucleus 
than  to  a  light  one — such  as  found  in  tissue.  To  exploit  this 
one  might  inject  a  heavy  element  or  compound,  in  a  slurry 
or  solution,  into  the  tumor  region  prior  to  irradiation.  Such 
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Figure  3:  Laterally  integrated  absorbed  energy  and  its  com¬ 
ponents  for  68.3  MeV  7r~  (top)  and  61.8  MeV  (bottom). 


an  agent  must  be  chosen  with  some  care  not  only  with  re¬ 
gard  to  its  effectiveness  in  delivering  a  larger  dose  but  also 
to  its  toxicity,  residual  radioactivity  produced,  capability  for 
removal  after  irradiation,  etc.  To  obtain  a  preliminary  in¬ 
dication  we  tried  a  Bal 2  solution  of  a  density  1.67  g/cm3, 
present  in  a  1.5  cm  region  around  the  dose  peak.  Fig.  4 
shows  that  peak  dose  increases  by  about  30%.  This  strat¬ 
egy  would  have  much  less  effect  for  it~  where  capture  is 
assured  even  for  light  nuclei. 


Table  1 :  Peak  absorbed  dose  to  entrance  dose  equivalent 


Case 

P 

7T+ 

7T 

P+ 

M 

n 

1 

1.31 

1.00 

1.42 

0.73 

0.71 

0.08 

2 

2.03 

2.55 

2.97 

2.52 

2.49 

0.12 

4  CONCLUSIONS 

The  various  beams  available  in  connection  with  a  muon  col¬ 
lider  might  be  of  considerable  interest  to  radiotherapy.  En- 


Figure  4:  Laterally  integrated  absorbed  dose  for  a  75  MeV 
fi~  1  x  1  cm  beam  in  a  standard  TEP  and  in  one  with  Bal^ 
solution  at  18.5<z<20.5  cm  and  r<1.5  cm. 


ergy  deposition  distribution  in  a  TEP  induced  by  various 
beams  show  substantially  different  patterns  which  might  be 
exploited  by  the  therapist.  Negative  pion  beams  provide  the 
best  peak-to-entrance  dose  ratio  but  pure  ir~  beams  are  dif¬ 
ficult  to  prepare.  Cooled  muon  beams  could  rival  proton 
beams  with  regard  to  purity  and  deliver  a  better  peak-to- 
entrance  ratio — particularly  for  larger  tumors.  Muon  dose 
appears  also  to  be  more  uniformly  distributed  compared 
with  protons.  An  important  aspect  would  be  the  ability  to 
evaluate  and  intercompare  the  efficacy  of  the  various  beams 
in  a  common  setting  which  might  be  provided  by  a  muon 
collider  complex. 
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Abstract 

A  compact  proton  synchrotron  with  combined  function  lat¬ 
tice  has  been  designed  as  a  dedicated  machine  for  cancer 
therapy  because  of  its  merits  of  easy  operation  and  low  con¬ 
struction  cost.  The  lattice  has  a  six-fold  symmetry  and  its 
radius  of  curvature  and  circumference  are  1.9m  and  23.9m, 
respectively.  For  the  purpose  of  establishing  a  good  refer¬ 
ence  design,  we  have  constructed  a  model  magnet  based 
on  the  three-dimensional  magnetic  field  calculation.  Mag¬ 
netic  field  measurement  has  been  performed  with  use  of 
three-dimensional  Hall-probe.  In  the  present  paper,  the  re¬ 
sults  of  these  development  is  to  be  presented  together  with 
the  outline  of  the  reference  design. 


1  INTRODUCTION 

Recently  radiation  cancer  therapy  has  been  paid  attention 
because  of  its  merit  of  preserving  function  and  shape  of 
human  body  and  rather  light  load  to  the  patient  compared 
with  the  other  therapy.  Among  radiation  therapies,  charged 
particle  therapy  has  such  a  merit  that  it  can  localize  the 
dose  distribution  to  tumor  largely  reducing  the  damage  to 
normal  cells.  In  order  to  cure  a  lot  of  patients,  it  is  required 
to  construct  at  least  one  such  facility  in  each  prefecture, 
however,  constructing  and  operating  such  charged  particle 
therapy  facility  need  many  cost.  From  this  point  of  view, 
We  have  been  developing  a  compact  proton  synchrotron  fa¬ 
cility,  which  is  easy  for  daily  operation  and  required  cost  is 
rather  limited!  1],  As  the  machine  for  such  proton  acceler¬ 
ator,  we  have  chosen  a  proton  synchrotron  with  combined 
function  lattice,  because  of  its  non-flexibility.  This  non¬ 
flexibility  cause  difficulty  of  tuning,  however,  such  non¬ 
flexibility  gives  easy  operation  once  a  good  design  has  been 
established.  We  develop  the  reference  design  of  the  com¬ 
bined  function  magnet  with  the  help  of  three-dimensional 
magnetic  field  calculation  code.  In  the  present  paper,  we 
present  our  magnet  system  design  and  the  measurement  re¬ 
sults  of  the  model  magnet. 
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2  DEVELOPMENT  PROCESS  OF 
REFERENCE  MODEL 

2.1  Primary  Design 

In  our  primary  design,  the  synchrotron  ring  has  a  six-fold 
symmetry  and  the  lattice  is  constructed  by  60  degree  bend¬ 
ing  sector  magnet  and  2  meters  drift-space.  On  the  central 
orbit  in  a  bending  magnet,  the  radius  of  curvature  and  the 
maximum  field  strength  are  1.9m  and  1.28T,  respectively 
to  accelerate  a  proton  up  to  250MeV.  The  focusing  ele¬ 
ments  are  implemented  in  bending  magnets  as  FDF  struc¬ 
ture  combined  function[2].  For  convenience  of  calculation, 
bending  angles  of  F,D,  and  F  sector  are  designed  15,30,  and 
15  degree,  respectively.  To  set  operating  point  v  ~  1.75, 
n- value  of  magnet  sector  is  given  6.164  for  D-sector  and 
—5.855  for  F-sector  by  matrix  calculation.  We  consider 
that  the  magnet  is  made  by  laminated  iron  plates.  Thus, 
both  transition  region  between  F  and  D  sectors  and  end 
edge  regions  are  designed  as  step  function  to  approximate 
potential  made  by  Rogowski  curved  pole  at  the  medium 
plane  of  the  magnet.  The  structure  of  the  synchrotron  ring 
is  shown  in  Fig.l. 


Figure  1 :  Structure  of  the  synchrotron  ring 


2. 2  Operating  Point  Evaluation 

To  verify  the  design,  we  evaluate  the  operating  point.  Both 
tune  value  and  beta  function  are  calculated  using  trans¬ 
fer  matrix  reconstruction  method  with  particle  tracking[3] 
on  the  magnetic  field  calculated  by  the  three-dimensional 
magnetic  field  calculation  code  TOSCA.  In  the  treatment 
of  both  fringing  and  transition  of  between  F  and  D  sectors 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


2528 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


and  central-orbit  deformation,  this  method  based  on  parti¬ 
cle  tracking  has  advantage  compared  with  ordinary  method 
using  the  product  of  the  transfer  matrices  defined  by  ana¬ 
lytical  results  of  uniform  field. 

2.3  Operating  Point  Tuning 

The  tune  value  evaluated  from  our  primary  design 
(yh,v t>)  ~  (1-64, 1.86)  is  far  from  the  design  target.  To 
move  operating  point  to  the  design  target,  we  modify  the 
ratio  of  bending  angles,  which  increases  bending  angle  of 
F-sector  in  A 6  degree  and  decreases  bending  angle  of  D- 
sector  in  2A 0  degree.  Of  cause,  for  modifying  tune  value, 
n-value  modification  is  essential,  however,  the  pole  shape 
has  already  been  determined  with  the  two-dimensional 
field  calculation  using  POISSON.  Changing  the  ratio  of 
bending  angles  seems  to  correspond  to  local  n-value  modi¬ 
fication  at  the  boundary  between  F  and  D  sectors.  Thus,  the 
theory  of  perturbation  predicts  that  the  ratio  of  horizontal 
and  vertical  tune  value  modulation  is  given  by  ratio  of  beta 
function  at  the  boundary  and  the  modulation  magnitude  of 
tune  value  is  proportional  to  the  modulation  of  bending  an¬ 
gle  A 6.  Using  A 9  tuning,  we  can  control  tune  value  on  the 
linear  line. 

2.4  Model  Magnet 

Considering  the  operating  point  and  resonance  lines,  we 
select  A 9  parameter  to  0.25  degrees  and  operating  point 
(1.7, 1.75)  as  the  final  design  to  avoid  resonance  lines  up 
to  6th  order.  To  verify  the  reality  of  the  three-dimensional 
calculation,  we  made  a  model  magnet  of  the  final  design 
and  made  field  measurement.  Figure  2  shows  the  lower  half 


Figure  2:  Lower  half  of  the  model  magnet 

of  the  completed  model  magnet.  The  poles  of  the  magnet 
are  made  by  the  laminated  iron  plates  whose  thickness  are 
0.5mm. 

3  MEASUREMENT  OF  MODEL 
MAGNET 

Considering  the  symmetry  of  the  lattice  structure,  we  mea¬ 
sured  the  half  of  the  magnet  by  mapping  on  the  cylindrical 


coordinate  using  the  three-dimensional  Hall-probe  1  fixed 
to  the  three-axis  movable  stage.  The  measurement  has  been 
performed  by  5mm  spacing  in  radial  direction  from  1.84m 
to  2m  and  1  degree  spacing  in  circumferential  direction 
from  the  center  of  D  sector  to  out  side  of  magnet  with  43 
points.  These  measurement  setup  and  the  Hall-probe  struc¬ 
ture  are  shown  in  Fig.3  and  4,  respectively.  From  the 


■Kf* 


Figure  3:  Geometry  of  the  measurement 


Figure  4:  Structure  of  the  Hall-probe 


mirror  symmetry  between  upper  and  lower  poles,  the  mag¬ 
netic  field  flux  cross  perpendicular  to  the  medium  plain. 
Thus  the  horizontal  components  of  magnetic  field  should 
be  equal  to  zero  on  the  medium  plane  and  anti-symmetric 
for  the  medium  plane.  But  measured  horizontal  compo¬ 
nents  shown  in  Fig.5  do  not  satisfy  such  symmetry  and  has 
obvious  offset  on  the  medium  plane.  These  offset  on  the 


Figure  5:  Raw  horizontal  components  of  the  magnetic  field 

medium  plane  seems  to  be  caused  by  vertical  component 
Bz  shown  in  Fig.6.  Thus  we  consider  that  these  asymme¬ 
tries  are  caused  by  the  rotation  of  the  probe  axes,  because 
of  both  bending  and  rotating  probe  arm.  To  correct  those 
asymmetry,  we  introduce  two  parameters  of  rotating  angle 

'Lake  Shore  Model  460  &  MMZ-2500-UH 
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Figure  6:  raw  vertical  component  of  the  magnetic  field 

and  determines  these  two  parameters  by  fitting  to  minimize 
the  ratio  of  square  expectation  value  between  horizontal 
components  and  vertical  component.  One  of  the  corrected 
horizontal  components  are  shown  in  Fig.7  and  it  is  seem 
that  symmetry  is  recovered. 


Figure  7:  Corrected  horizontal  components  of  the  magnetic 
field 


4  RESULTS  OF  MEASUREMENT 

To  evaluate  the  magnetic  field,  we  compared  vertical  com¬ 
ponents  Bz  and  n-value  on  the  central  orbit.  The  global 
feature  Bz  and  n-value  calculated  on  the  ideal  central  orbits 
2  shown  in  Fig.8  and  9  have  good  agreement  between  mea¬ 
surement  and  TOSCA  calculated  in  edge  shape  at  fringing 
and  F-D  transition,  respectively.  But  the  magnitude  of  n- 
value  is  slightly  different  in  detail. 


45  50  55  60  65  70  75  80  85  90 

^  [deg] 


Figure  8:  Bz  on  the  central  orbit 
2 1.9m  curvature  radius  on  the  medium  plane 


fl[deg]  fl[deg] 


Figure  9:  n-value  on  the  central  orbit 

Following  facts  are  considered  as  the  problem  in  our  n- 
value  measurement  process.  In  calculating  n-value  from 
measured  field,  we  use  linear  fit  to  25  data  points  in  linear 
region  to  calculate  field  gradient.  Stable  flat  top  of  n-value 
in  the  center  of  each  sectors  is  predicted  from  TOSCA  re¬ 
sults,  however,  measured  n-value  contain  some  deviations. 
Our  gauss  meter  give  us  5-digit  as  measurement  result  and 
field  difference  between  adjusted  measurement  grids  is  the 
order  of  1  percent  of  the  field  strength.  Then,  the  measure¬ 
ment  precession  is  not  enough  to  discuss  n-value  and  tune 
value  calculation  on  these  field  map.’ 

To  treat  the  magnitude  of  n-value  more  in  detail,  im¬ 
provement  of  measurement  precision  by  direct  measure¬ 
ment  of  field  gradient  is  now  under  investigation. 
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Abstract 

Linear  accelerators  for  the  cancer  radiotherapy  generally 
make  use  of  high-energy  photon  beam.  If  the  photon 
energy  is  greater  than  6-7  MeV,  neutrons  are  generated  by 
photonuclear  reaction  in  the  accelerator  head.  The  neutron 
spectrum  and  yield  at  the  patient  plane  must  be  known  in 
order  to  optimize  the  treatment  and  limit  secondary 
malignancies.  The  spectrum  of  neutrons  generated  by 
(y,n)  reaction  in  the  SL20I ELEKTA  multileaf  accelerator 
has  been  obtained  at  the  patient  plane  with  a  Monte  Carlo 
simulation.  The  calculated  spectrum  has  been  checked  out 
against  experimental  measurements  performed,  in 
different  positions  at  the  patient  plane,  with  a  passive 
bubble  spectrometer. 

1  INTRODUCTION 

The  revaluation  of  the  biological  risk  from  neutron 
radiation  has  improved  the  importance  of  a  reliable 
neutron  dosimetry.  There  is  an  urgent  request  from 
medical  physicist  of  an  accurate  estimation  of  the 
undesired  neutron  dose  associated  with  the  photon  beams 
produced  in  the  linear  accelerator  commonly  used  in  the 
cancer  therapy.  The  knowledge  of  the  photon  and  neutron 
spectrum  at  the  patient  plane  allows  a  more  accurate 
evaluation  of  the  total  dose. 

Measurements  of  such  spectra  are  difficult,  due  to  the 
high  fluence  rate  of  photon  to  respect  to  neutrons  and  the 
pulsed  radiation  field,  which  can  produce  saturation  and 
noise  problems  in  the  electronic  equipment.  In  this  work 
the  linear  accelerator  SL20I-ELEKTA  [1],  equipped  with 
the  multileaf  collimation  system  (MLC)  has  been 
simulated  with  the  new  Monte  Carlo  code  MCNP-GN, 
especially  developed  to  treat  the  photoneutron  production 
in  medical  linear  accelerators.  The  neutron  fluence,  as  a 
function  of  the  neutron  energy,  has  been  calculated  in 
different  positions  at  the  patient  plane;  the  corresponding 
dose  equivalent  has  been  evaluated  by  using  the  ICRP74 
[6]  conversion  factors. 
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The  Monte  Carlo  results  have  been  compared  with  the 
experimental  spectra,  measured  with  the  passive  bubble 
spectrometer  BDS  [4]  at  the  Hospital  of  «La  Fe» 
(Valencia,  Spain)  where  a  SL20I  accelerator  is  installed. 
The  BDS  spectrometer  system  has  been  chosen  because 
the  passive  characteristics  and  the  photon  insensitivity 
allow  to  overcome  the  experimental  difficulties  previously 
described.  This  Monte  Carlo  approach  associated  with  the 
BDS  spectrometer  represents  a  new  and  complete  tool  to 
describe  the  neutron  field. 

2  SL20I  ELEKTA  MULTILEAF  (MLC) 
ACCELERATOR 

The  fundamental  requirement  for  a  radiotherapy  treatment 

is  the  delimitation  of 
the  irradiated  region 
as  close  to  the  tumor 
volume  as  possible, 
minimizing  the  dose 
to  the  surrounding 
healthy  tissues.  With 
this  aim,  the  most 
modem  machines  are 
equipped  with  the 
multileaf  system:  a 
set  of  movable  leaves 
is  applied  to  define 
Figure  1:  Irregular  field  the  field  size  and 
profile  with  MLC.  shape.  The  ELEKTA 

SL20I  accelerator 
uses  a  set  of  80  lead+tungsten  leaves,  which  define  the 
treatment  field  in  the  Y  direction;  leaves  are  stepped  to 
create  an  overlap  and  limit  the  leakage.  Further 
collimation  is  provided  by  traditional  X  and  Y  shielding, 
to  reduce  the  photon  leakage  between  the  leaves  to 
acceptable  levels  (figure  1,  table  1). 


Table  1 :  SL20I  characteristics. 


Max  photon  energy 

18  MeV 

Target 

Tungsten 

Primary  collimator  Top 

Tungsten 

Flattening  filter 

Iron 

Leaves 

Tungsten+Lead 

Y  back-up  collimator 

Tungsten 

X  collimator 

Tungsten+Lead 
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2  MONTE  CARLO  SIMULATION  WITH 
MCNP-GN 


The  Monte  Carlo  code  MCNP-GN  has  been  especially 
developed  to  study  the  neutron  leakage  in  medical 
LINACS  used  in  the  photon  cancer  radiotherapy.  The 
physical  routines  of  the  Monte  Carlo  code  GAMMAN  [2] 
have  been  introduced  in  the  Monte  Carlo  code  MCNP4B 
[7].  The  Monte  Carlo  code  MCNP-GN  evaluates  the 
neutron  production  in  high  atomic  number  materials 


Primary  a*  mat  nr  (W) 


■  Halting  Ht*r  (AS) 


•  Flattening  cciSmsicr  (?«) 

•  flattening  filer  IF*} 


lirAF  (W) _ r 

LEAFiPb)  - r 


.Y  back-up  col.  W) 


7  eeftratw  (W*Pb) 


Figure  2:  Geometrical  model  of  SL20I MLC 
simulated  with  MCNP-GN. 

through  (y,n)  reaction  in  the  energy  region  of  the  giant 
resonance  (E<30  MeV).  These  characteristics,  together 
with  the  capability  to  model  complex  geometries,  make 
MCNP-GN  especially  useful  for  medical  linear 
accelerator  simulations.  In  fact,  by  use  of  an  unique  code, 
it  is  possible  to  obtain  both  the  photon  and  the 
photoneutron  spectra  produced  in  the  accelerator  field. 
The  realistic  geometrical  model  of  ELEKTA  SL20I  MLC 
(in  the  high  power  configuration)  has  been  simulated  to 
obtain  a  10x10  cm2  treatment  field,  irradiated  with  1  Gy 
photon  dose  at  the  patient  plane  (figure  2). 


3  THE  BDS  SPECTROMETER 

The  passive  neutron  spectrometer  BDS  [3]  has  been  used 
to  obtain  neutron  spectra  in  term  of  fluence  as  a  function 
of  neutron  energy.  The  consists  of  a  set  of  bubble 
dosemeters,  characterized  by  6  different  energy  thresholds 
of  detection;  the  total  energy  range  extends  from  10  keV 
to  20  MeV.  Each  detector  includes  a  polycarbonate  vial 
filled  with  elastic  tissue-equivalent  polymer;  superheated 
freon  drops  are  dispersed  inside  the  gel.  The  interaction 
between  incident  neutrons  and  polymer  causes  a  proton 
emission;  the  consequent  energy  deposition  generates  the 
bubble  forming,  due  to  the  metastable  state  of  freon.  The 
number  of  bubbles  trapped  in  the  polymer,  proportional  to 
the  neutron  fluence,  is  recorded.  The  neutron  spectrum  is 
then  is  obtained  by  processing  the  experimental  data  with 
the  unfolding  code  BUNTO  [4],  Due  to  the  characteristics 
of  passivity  and  insensitivity  to  photons,  this 


spectrometric  system  can  be  used  in  mixed  neutron  and 
photon  fields,  as  the  treatment  room.  Neutron  spectral 
measurements  can  be  therefore  performed  also  in 
positions  corresponding  to  the  treatment  area,  unlike 
several  other  devices,  commonly  used  for  neutron 
dosimetry  and  radioprotection. 


4  EXPERIMENTAL  MEASUREMENTS 
WITH  BDS  SPECTROMETER 

Spectral  and  integral  measurements  of  neutron  fluence 
and  dose  equivalent  have  been  performed  at  various 
positions  (figure  3)  in  the  irradiation  room  of  linear 
accelerator  SL20I-ELEKTA,  installed  in  the  hospital  «La 
Fe»,  Valencia  (Spain).  The  measurements  have  been 
realized  in  the  following  conditions: 

•  100  MU/Gy 

•  10x10  cm2  photon  field  at  the  isocenter 

•  100  cm  SSD  (Source  Surface  Distance) 


PATIENT  PLANE 


• 

• 

PhoScn  (tski 

10  cm  x  10  cm 
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-t5cm 

-8  cm 
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+3  cm 
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Figure  3:  Measurement  positions  at  the  patient  plane, 
SDD=100  cm. 


5  COMPARISON  BETWEEN 
SIMULATION  AND  MEASUREMENTS 

In  figures  4  and  5  the  neutron  experimental  spectra 
evaluated  at  the  patient  plane,  per  1  Gy  photon  absorbed 
dose  (SSD=100  cm)  are  presented.  The  neutron  spectra 
calculated  by  the  Monte  Carlo  code  MCNP-GN  in  the 
same  positions  are  also  shown.  The  comparison  is  very 
satisfactory;  in  fact  the  simulated  spectra  are  uniquely 
normalized  to  the  number  of  electrons  giving  1  Gy  photon 
dose  at  the  isocenter.  The  spectral  neutron  dose  equivalent 
(ICRP60  [5],  [6])  (per  1  Gy  photon  dose  at  the  patient 
plane)  was  also  obtained  from  the  experimental  spectra  at 
the  different  positions  to  respect  to  the  beam  axis.  In 
figure  6  the  neutron  integral  dose  equivalent  and  the 
photon  absorbed  dose  calculated  with  MCNP-GN  at 
different  positions  are  shown  together. 
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Figure  4:  Comparison  between  experimental  and 
simulated  spectrum.  Position  posl  -  8  cm  from  isocenter. 


E(MeV) 


Position  to  isocenter 


Figure  6:  Integral  photon  absorbed  dose  and  neutron  dose 
equivalent  calculated  with  MCNP-GN  at  the  various 
positions  with  respect  to  the  isocenter. 

6  CONCLUSIONS 

From  these  results  it  is  pointed  out  that  the  neutron  dose 
equivalent  in  a  typical  treatment  is  not  negligible.  In  fact 
the  neutron  dose  equivalent  remains  greater  than  2 
mSv/Gy  also  in  far  positions  from  the  treatment  field. 
Therefore,  this  new  system,  consisting  of  Monte  Carlo 
simulation  and  spectral  measurements,  represents  a 
reliable  approach  to  evaluate  the  leakage  neutron  field  and 
to  optimize  the  treatment  plan. 
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Figure  5:  Comparison  between  experimental  and 
simulated  spectrum.  Position  pos2  -  15  cm  from 
isocenter. 
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equivalent  evaluated  from  spectral  data  at  various 
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Abstract 

In  radiotherapy  installations  using  accelerators  it  is  very 
important  to  produce  an  accurate  estimation  of  the  shielding 
requirements  to  keep  doses  lower  than  limits.  Shielding 
thickness  is  directly  proportional  to  the  tenth-value  thick¬ 
ness,  which  can  be  obtained  from  curves  recommended  by 
the  DIN-6847  standard  and  also  estimated  in  terms  of  dose 
rates  calculated  for  two  different  values  of  shielding  thick¬ 
ness.  In  this  work,  the  Monte  Carlo  method  is  applied  to 
estimate  the  tenth-value  thickness  for  X-rays  in  medical 
linear  accelerators.  Results  are  compared  with  older  simu¬ 
lation  data  as  well  as  with  the  values  recommended  by  the 
DIN-6847  standard. 

1  INTRODUCTION 

Linear  electron  accelerators  are  widely  used  in  radiother¬ 
apy  installations.  The  importance  of  an  accurate  estima¬ 
tion  of  the  doses  that  can  be  received  by  health  workers, 
patients  or  public,  as  well  as  shielding  requirements  to 
reduce  doses  below  established  limits  is  obvious.  On  the 
other  hand,  lower  dose  limits  were  recommended  in  ICRP 
60  [1].  According  to  those  recommendations  a  Directive 
has  been  recently  issued  by  the  European  Community  to 
state  a  regulatory  position  to  be  followed  by  member 
states.  Therefore,  it  may  be  necessary  to  re-evaluate  safety 
parameters  concerning  medical  installations  using  accel¬ 
erators  [2]. 

Two  standards,  NCRP-51  [3]  and  DIN-6847  [4],  can  be 
used  to  estimate  shielding  requirements  in  those  installa¬ 
tions.  They  were  comparatively  analysed  in  former  works 
[2,  5],  The  interest  was  focused  on  the  estimation  of  the 
tenth-value  thickness  for  X-rays  produced  in  medical 
electron  accelerators.  MCNP  code  [6,  7]  based  on  the 
Monte  Carlo  method  was  and  has  been  again  applied  to 
perform  this  estimation. 

2  SHIELDING  ANALYSIS 

In  DIN-6847  standard  [4],  the  shielding  thickness  is  given 
by  the  following  expression: 


■Zi  log 


10 


^  WA  U  TK,  qi  ' 
H,„ 


(1) 


where,  s;  is  the  shielding  thickness  for  the  ith  radiation,  re¬ 
ferring  to  electrons,  X-rays  (primary,  secondary,  leakage) 
or  neutrons  (primary  and  scattered  beam);  z,  is  the  tenth- 
value  thickness;  WA  is  the  weekly  workload  at  the  refer¬ 
ence  distance  of  ao  meters  (Gy/week);  U  is  the  use  factor; 
T  is  the  occupancy  factor;  Kj  is  the  reduction  factor;  q*  is 
the  quality  factor;  and  Hw  is  the  weekly  equivalent  dose. 

For  primary  X-ray  beam,  q(  =  1  and  the  reduction  factor 
is  given  by: 

K  =  (2) 

a„ 

where,  ao  is  the  reference  distance  (1  m)  and  an  is  the 
distance  (m)  from  the  source  to  the  point  beyond  the 
shielding  where  the  dose  is  measured. 

The  tenth-value  thickness,  zs  =  zr,  depending  on  the 
shielding  material  can  be  obtained  from  curves  recom¬ 
mended  by  DIN-6847  that  are  reproduced  in  Figure  1.  It 
can  be  noted  that  the  same  curve  is  used  for  aluminium 
and  concrete,  and  also  for  iron  and  copper. 


Energy  (M«V) 


Fig.  1  Mass  tenth- value  thickness  for  X-rays. 

The  following  expression  for  the  equivalent  dose  rate 
Hw  can  be  obtained  from  eq.  (1)  and  (2): 
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v10. 


(3) 


where  C  includes  all  terms  depending  on  the  installation 
and  radiation  involved.  MCNP  code  was  used  with  a 
lineal  spectrum  taken  from  Chilton  [8],  to  calculate  doses 
for  shielding  thickness  from  0  up  to  130  cm.  The  correla¬ 
tion  coefficient  between  log(Hw  a„2)  and  s  was  calculated 
to  verily  that  they  are  linearly  related  [9,  10]. 

Therefore,  the  tenth-value  thickness  can  be  estimated  in 
terms  of  the  dose  rates  calculated  for  two  different  values 
of  shielding  thickness  and  related  distances,  as  follows: 


z  —  - 


-  Sl _ 

«2w  a2 
H,w  a? 


(4) 


3  RESULTS  AND  COMPARISON 


MCNP  code  has  been  run  to  determine  doses  at  distances 
considered,  for  various  energy  values  from  0.5  up  to  50 
MeV  and  the  materials  of  interest:  aluminium,  concrete, 
barytic  concrete,  iron,  copper  and  lead. 

The  photon  source  was  a  point,  isotropic,  and  monoen- 
ergetic,  with  all  the  particles  being  emitted  inside  a  small 
solid  angle  to  avoid  the  leakage  radiation.  Surface  count¬ 
ers  were  placed  in  maximal  dose  zones.  Cell  importance 
was  the  only  variance  reduction  technique  applied,  due  to 
geometric  features  of  the  problem  and  the  type  of  counters 
used. 

Shielding  thickness  values  have  been  taken  in  such  a 
way  that  for  each  energy  the  doses  obtained  differ  by  at 
least  an  order  of  magnitude. 


Fig.  2.  Results  from  MCNP  3.2. 

The  first  approach  was  done  using  the  version  3.2  of 
MCNP  [6].  Results  were  presented  at  PAC’93  [9]  and 
MEDICAL  PHYSICS  93  [10], 

Results  for  direct  radiation  are  shown  in  Figure  2. 
Comparing  this  figure  with  Figure  1,  one  can  see  that 
values  obtained  by  MCNP  match  reasonably  with  those 


from  DIN-6847  except  for  lead.  At  the  lowest  energy  (0.5 
MeV)  the  Monte  Carlo  values  are  slightly  lower  than  the 
DIN  ones,  whereas  for  higher  values  of  energy  they  are 
higher:  always  for  concrete,  up  to  40  MeV  for  aluminium, 
up  to  10  MeV  for  barytic  concrete,  and  up  to  15  MeV  for 
iron  and  copper.  For  the  rest  of  energy  values,  the  Monte 
Carlo  obtained  values  are  only  slightly  lower. 

The  highest  discrepancies  were  shown  for  lead.  The 
version  3.2  of  MCNP  code  did  not  include  the  transport  of 
photoelectrons,  Compton  electrons  and  electron-positron 
pairs.  At  higher  energies  these  electrons  collide  with  hard 
atomic  nuclei  producing  electromagnetic  radiation  (Brem- 
sstrahlung).  These  phenomena  become  more  evident  in 
lead.  Therefore,  results  from  MCNP  3.2  shall  be  dis¬ 
carded  for  lead. 

DIN-6847  is  less  conservative  for  direct  radiation  than 
expected,  as  it  was  discussed  by  authors  in  an  early  paper 
[11]  comparing  tenth-value  thickness  from  DEN-6847 
with  those  from  NCRP-49  [12]  for  concrete,  up  to  10 
MeV. 

On  the  other  hand,  the  curves  obtained  for  concrete  and 
aluminium  are  very  similar.  Furthermore  the  calculated 
curves  not  only  for  iron  and  copper  but  also  for  barytic 
concrete  are  very  similar  too. 

The  results  would  have  been  in  better  agreement  if  we 
had  considered  a  continuous  spectrum  rather  than  a 
monoenergetic  source,  but  unfortunately  these  data  were 
not  available  from  the  manufacturers. 

MCNP  determines  errors  for  each  calculated  dose.  With 
these  data  a  statistical  analysis  has  been  performed  to 
prove  that  results  are  significant,  practically  at  100%  for 
relative  error  of  5%. 

Calculations  have  been  repeated  with  MCNP  4A  [7] 
using  the  same  methodology,  materials,  and  model  [13], 
MCNP  can  provide  dose  conversion  factors  up  to  15 
MeV.  For  higher  energies  an  extrapolation  was  necessary. 
However,  in  latter  calculations  dose  conversion  factors 
from  Jaeger  [14]  have  been  used,  improving  results  for 
higher  energies,  even  for  MCNP  3.2.  Therefore,  some 
calculations  were  also  repeated  using  version  3.2,  in  those 
cases  where  dose  conversion  factors  have  been  modified. 
Anyway  it  would  be  convenient  to  dispose  of  more  appro¬ 
priate  dose  conversion  factors. 

Results  obtained  from  MCNP  4A  calculations  are  rep¬ 
resented  in  Figure  3.  As  electron  transport  has  been  incor¬ 
porated  to  the  code,  all  phenomena  formerly  omitted  are 
now  taken  into  account,  so  results  are  quite  improved  not 
only  for  lead  but  also  for  the  rest  of  materials,  especially 
at  higher  energies. 

Comparing  the  three  figures  some  comments  can  be 
done.  For  aluminium  it  can  be  noted  that  estimated  values 
(MCNP  4A)  are  more  conservative  than  DIN  ones.  Both 
curves  have  a  similar  shape.  The  4A  approach  is  better 
than  that  of  3.2.  A  similar  statement  can  be  made  for  con¬ 
crete.  For  barytic  concrete  the  behaviour  is  slightly  differ- 


2535 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


140 

120 

100 
"jj  80 

o» 

£60 
40 

20 

0 

0  6  10  16  20  25  30  35  40  45  50 

Energy  (MeV) 


... 

/ 

Concrete 

Alum 

nium 

/ 

Iron 

V/'”\Barytl 

c  concrete 

\ 

CODDfi 

r 

1- 

£/ 

/ 

'/ 

' 

Lead 

f  / 

/ 

Figure  3:  Results  from  MCNP  4A 

ent  in  the  3  curves.  Discrepancies  between  4A  and  DIN 
are  lower  in  general.  For  iron  and  copper  the  curves  ob¬ 
tained  from  MCNP  3.2  agree  better  with  DIN  than  those 
from  MCNP  4A.  Maybe  it  is  due  to  the  shielding  thick¬ 
ness  adopted  for  calculations.  For  lead,  results  have  been 
fairly  enhanced  with  respect  to  MCNP  3.2,  which  were 
not  considered  valid  in  former  calculations.  However  they 
are  not  yet  satisfactory,  as  its  behaviour  is  similar  to  iron 
and  copper  for  energies  higher  than  15  MeV,  where  the 
curves  have  opposite  slope  values.  This  difference  can  be 
due  to  dose  conversion  factors  used. 

4  CONCLUSIONS 

Two  versions  of  MCNP  (3.2  and  4A)  based  on  the  Monte 
Carlo  method  have  been  used  to  estimate  the  tenth-value 
thickness  for  X-ray  direct  beams  in  medical  electron  ac¬ 
celerators.  Results  have  been  compared  between  the  cal¬ 
culations  and  with  values  recommended  by  the  DIN-6847 
standard. 

It  has  been  verified  for  primary  radiation  that  without 
significant  errors  the  same  curve  may  be  used  for  different 
materials,  in  particular  for  concrete  and  aluminium  and 
for  barytic  concrete,  iron  and  copper,  respectively,  though 
"a  priori"  it  did  not  appear  very  logical. 

It  is  not  easy  to  perform  experimental  dose  measure¬ 
ments,  in  particular  in  a  linear  accelerator,  so  it  turns  out 
the  importance  of  simulation  methods.  Anyway,  the  com¬ 
parison  between  experimental  measurements  and  simu¬ 
lation  results  is  always  welcome. 

Since  the  primary  beam  spectrum  in  an  accelerator  is 
generally  unknown,  a  monoenergetic  source  has  been  con¬ 
sidered.  Next  developments  will  include  the  estimation  of 
the  tenth-value  thickness  using  an  actual  X-ray  spectrum 
for  the  accelerator.  As  well,  calculations  should  be  repeated 
using  further  versions  of  MCNP. 
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CONVERSION  OF  THE  2.5MV  SUPER  HILAC  INJECTOR  POWER  SUPPLY 
FROM  5mA  TO  50mA  FOR  BORON  NEUTRON  CAPTURE  THERAPY*1 


L.  Reginato.  W.  Chu,  J.  Galvin,  J.  Kwan,  and  B.  Ludewigt 
Lawrence  Berkeley  National  Laboratory 
Berkeley,  California 


Abstract 

Renewed  interest  by  several  major  university  medical 
centers  (UCSF-Standford,  UC-Davis)  in  conducting 
Boron  Neutron  Capture  Therapy  (BNCT)  led  to  the 
investigation  of  converting  the  decommissioned  5mA, 
2.5MV  Super  HILAC  injector  to  a  50mA,  2.5MV  proton 
accelerator  for  the  generation  of  neutrons.  The  original 
high  impedance  shunt-fed  multiplier  has  been  converted 
to  a  55  stage  air-coupled  transformer  with  much  lower 
impedance  driven  by  a  200kW,  50kHz  oscillator.  The 
proton  beam  will  be  transported  by  electrostatic 
quadrupoles  (ESQ)  acceleration  column  housed  axially 
within  the  power  supply  stages  and  biased  by  connecting 
sequentially  to  the  desired  voltage.  The  pressure  vessel 
which  houses  the  2.5MV  power  supply  and  ESQ 
acceleration  column  has  been  moved  near  the  patient 
treatment  rooms  in  the  Bevatron  complex.  As  funds 
become  available,  we  will  finalize  the  design  and 
assembly  of  all  components  required  for  the  generation, 
transport  and  conversion  of  the  proton  beam  to  neutrons 
for  patient  treatment.  Preliminary  tests  of  the  power 
supply  and  design  of  the  ESQ  column  will  be  presented. 

1  INTRODUCTION 

High  voltage  power  sources  have  provided  the  injection 
particles  to  every  major  accelerator  since  the 
experiments  of  Cockcroft  and  Walton  in  1932.  The 
high  voltage  potential  has  been  generated  by  a  variety  of 
techniques.  The  Cockcroft-Walton,  as  the  DC  high 
voltage  generators  became  to  be  known,  utilized  a  series 
of  rectifiers  and  capacitors  first  suggested  by  Greinacher 
in  1920.  This  technique  of  series-fed  or  shunt-fed 
multipliers  (dynamitron)  is  used  to  this  day  at  low 
currents  and  moderately  high  voltages. 

For  stiffer  power  sources,  the  insulated-core¬ 
transformer  consisting  of  multiple  cascaded  stages  each 
with  its  rectifier  and  insulated  from  each  other  was  also 
used.  Initial  high  voltage  tests  for  Boron  Neutron 
Capture  Therapy  (BNCT)  at  Lawrence  Berkeley 
National  Laboratory  were  started  by  reactivating  a 
shunt-fed  multiplier  constructed  in  1970.  Extensive  tests 
on  this  device  (Fig.  1)  were  performed  at  higher  currents 


than  originally  designed  for  to  establish  its  maximum 
capability.  After  a  series  of  tests  it  was  decided  that  in 
its  present  condition,  this  power  supply  could  not 
deliver  the  50mA  desirable  for  BNCT.  A  design 
modification  study  was  initiated  to  upgrade  the  Adam 
power  supply  from  5mA  to  50mA  at  2.5MV.  After  a 


Figure  1 :  The  Adam  Injector  power  supply 

brief  invest-igation  of  the  technology  available  for  the 
production  of  high  voltage  and  high  current,  it  was 
decided  to  convert  the  capacitively  coupled  shunt-fed 
multiplier  to  the  air-coupled  transformer  with  multiple 
secondaries. 

2  SYSTEM  DESCRIPTION 

The  basic  principle  of  operation  of  the  air-coupled 
transformer  has  been  well  understood  and  analyzed  but 
a  simple  description  on  how  it  is  applied  is  included  for 
continuity.  Figure  2  is  a  simplified  schematic  of  the 
proposed  modifications  to  be  made  to  the  Adam  power 
supply  using  the  air-coupled  transformer.  It  consists  of  a 
primary  coil  which  is  tapered  in  cross-section  to  allow 
for  voltage  holding.  This  primary  coil  generates  a 
solenoidal  field  inside  the  coil  with  a  return  field 
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between  the  pressure  vessel  and  the  coil  itself.  The  flux 
density  within  the  solenoidal  coil  can  be  obtained  by 
summing  the  contributions  of  each  turn  of  the  coil.  This 
results  in  a  flux  density. 

Where:  Np  -  number  of  primary  turns,  a-radius  of  the 
solenoid,  z-length  of  the  solenoid  and  dx  is  an  element 
of  length.  At  points  within  the  solenoid  not  too  close  to 
either  end,  the  flux  density  produced  can  be 
approximated  by  Bp=poNpip/z. 

Within  the  primary  coil,  55  stages  of  multi-turn 
secondary  coils  are  located.  The  flux  generated  by  the 
primary  (Bp)  is  coupled  by  magnetic  induction  to  each 
secondary  generating  a  voltage  Vs=NsAsdBp/dt  where  As 
is  the  cross-sectional  area  and  Ns  the  number  of 
secondary  turns.  Each  secondary  coil  incorporates  a 
rectifier  and  filter  producing  a  self-contained  power 
source.  Each  power  source  is  series  connected  to  the 
next  producing  a  high  voltage  system.  The  coupled 
transformer  system,  like  the  shunt-fed  multiplier,  has  an 
impedance  which  increases  linearly  with  the  number  of 
stages  and  is  a  function  of  the  coupling  coefficient 
between  the  primary  and  secondary  coil.  The  primary 
coil  will  be  part  of  the  main  oscillator  resonant  circuit 
with  an  inductance  Lp=(ioNp2Ap/z.  This  inductance  will 
resonate  with  a  capacitor  Cp=l/w2Lp.  The  secondary 
voltage  induced  will  be  Vs=NsAswBp  and  Bp=p.oNpip/z 
where  ip=Vp/wLp.  By  substitution  Vs=(Ns/Np)(As/Ap)Vp. 
The  subscripts  s  and  p  refer  to  the  secondary  and 
primary  respectively.  Prior  to  modifying  the  Adam 
power  supply,  an  eight  stage  coupled  transformer  bench 
top  model  was  constructed  and  tested.  A  conducting 
cover  was  placed  around  it  to  simulate  the  pressure 
vessel.  The  test  results  were  encouraging  in  that  it 
confirmed  our  calculations  and  had  an  order  of 
magnitude  lower  impedance  than  the  shunt-fed  device. 

3  SYSTEM  MODIFICATION 


dome  (Fig.  3).  The  number  of  turns  per  unit  of  length  or 


Figure  3:  The  air-coupled  transformer  primary 
pitch 

of  the  coil  also  increases  linearly  from  the  ground  end 
to  the  high  voltage  dome  in  order  to  maintain  a 
constant  flux  density  or  constant  induced  voltage  into 


Figure  5:  One  of  55  series  stages 


The  coupling  capacitors,  the  dees  and  the  oscillator  coil 
of  the  shunt-fed  multiplier  were  removed.  The  dees  were 
replaced  by  the  primary,  solenoidal  coil  with  an 
increasing  inside  diameter  toward  the  high  voltage 


the  secondary  coils.  The  number  of  turns  was  further 
increased  at  each  end  of  the  coil  to  correct  for  end 
effects  of  the  dome  and  the  ground.  Figure  4  shows  a 
plot  of  the  induced  voltage  in  the  secondary  coil  along 


Figure  2:  The  air-coupled  transformer  modifications  to  the  power  supply 
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the  length  of  the  power  supply  where  the  acceleration 
column  would  be  located.  As  can  be  seen,  except  for  the 
ends,  the  induced  voltage  in  each  of  the  55  secondary 
coils  will  be  quite  uniform.  The  secondary  coils  will 
begin  about  12”  from  the  end  wall  and  will  terminate 
about  18”  from  the  dome  to  insure  that  the  coupled 
voltage  for  the  end  stages  is  constant. 


4  SYSTEM  OPERATION 

The  master  oscillator  consisting  of  a  4  CW1 00,000 
drives  the  primary  coil  with  50kHz  at  50-75kV.  The 
oscillator  is  powered  by  a  15kV,  12.5 A  regulated  DC 
power  supply  and  with  a  projected  efficiency  of  67%  it 
will  deliver  125kW  to  the  beam  or  2.5MV  at  50mA.  A 
closed  loop  feedback  system  will  maintain  the  desired 
acceleration  voltage  on  the  electrostatic  quadrupoles 
(ESQ)  at  any  beam  current. 

The  flux  density  generated  by  the  primary  coil  couples 
to  the  100  turn  secondary  inducing  about  50  kV  in  each 
of  the  55  stages  which  are  series  connected.  The  50  kHz 
signal  is  rectified  by  the  shielded  diodes  and  filtered  by  a 
lOkD  resistor  and  a  InF  capacitor.  The  diode  shields 
and  series  resistor  protect  the  diodes  if  an  arcdown 
condition  occurs. 

The  beam  transport  system  will  consist  of  electrostatic 
quadrupoles  (ESQ)  which  have  undergone  considerable 
development  in  the  LBNL  neutral  beam  and  heavy  ion 
fusion  programs.  The  protons  are  produced  by  a  rf 
driven  gas  source  which  was  also  developed  in  the 
neutral  beam  program. 

5  CONCLUSION 


HV  Dome 


Figure  4:  Flux  density  or  coupled  secondary  voltage 

from  5mA  to  50mA  for  BNCT  at  a  relatively  low  cost 
since  many  of  the  major  existing  components  were  re¬ 
utilized.  All  the  components  for  the  power  supply  are  on 
hand  and  as  funds  become  available  the  complete 
system  including  ESQ’s  and  beam  transport  will  be 
designed  and  fabricated.  The  injector  is  located  adjacent 
to  the  patient  treatment  rooms  (Fig.  6)  in  Bldg.  5 IB. 
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Figure  6:  Injector  adjacent  to  patient  treatment  rooms 
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Abstract 

Radio-frequency  (RF)  driven  ion  sources  are  being 
developed  in  Lawrence  Berkeley  National  Laboratory 
(LBNL)  for  sealed-accelerator-tube  neutron  generator 
application.  By  using  a  5-cm-diameter  RF-driven 
multicusp  source  FT  yields  over  95%  have  been 
achieved.  These  experimental  findings  will  enable  one  to 
develop  compact  neutron  generators  based  on  the  D-D  or 
D-T  fusion  reactions.  In  this  new  neutron  generator,  the 
ion  source,  the  accelerator  and  the  target  are  all  housed 
in  a  sealed  metal  container  without  external  pumping. 
Recent  moderator  design  simulation  studies  have  shown 
that  14  MeV  neutrons  could  be  moderated  to 
therapeutically  useful  energy  ranges  for  boron  neutron 
capture  therapy  (BNCT).  The  dose  near  the  center  of  the 
brain  with  optimized  moderators  is  about  65%  higher 
than  the  dose  obtained  from  a  typical  neutron  spectrum 
produced  by  the  Brookhaven  Medical  Research  Reactor 
(BMRR),  and  is  comparable  to  the  dose  obtained  by 
other  accelerator-based  neutron  sources.  With  a  120  keV 
and  1  A  deuteron  beam,  a  treatment  time  of  -35  minutes 
is  estimated  for  BNCT. 

1  INTRODUCTION 

The  RF-driven  multicusp  ion  source  developed  at 
Lawrence  Berkeley  National  Laboratory  has  found 
numerous  applications  ranging  from  neutral  beam 
injection  systems  for  fusion  reactors  to  particle 
accelerators,  proton  therapy  machines  and  ion 
implantation  systems  [1],  Such  sources  are  simple  to 
operate,  have  long  lifetimes,  high  gas  efficiencies  and 
provide  high  density  plasmas  with  high  monatomic 
species  yields.  These  characteristics  make  the  RF-driven 
ion  source  a  viable  candidate  for  the  next  generation  of 
compact,  high-output,  sealed-tube  neutron  generators, 
utilizing  the  fusion  of  deuterium  and  tritium,  or 
deuterium  and  deuterium. 
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Recently,  LBNL  has  developed  a  compact,  sealed- 
accelerator-tube  neutron  generator  capable  of  producing 
a  neutron  flux  in  the  range  of  109  to  1010  D-T  neutrons 
per  second  [2-3].  The  ion  source,  a  miniaturized 
variation  of  earlier  RF-driven  multicusp  ion  sources,  is 
designed  to  fit  within  a  5-cm-diameter  borehole.  Typical 
operating  parameters  include  repetition  rates  up  to  100 
pps,  with  pulse  widths  between  10  and  80  ps  (limited 
only  by  the  available  RF  power  supply)  and  source 
pressure  as  low  as  5  mTorr.  In  this  configuration,  peak 
extractable  hydrogen  current  densities  exceeding  1 
A/cm2  with  IT  ion  yields  over  94%  have  been  achieved. 
From  this  output,  a  D-T  neutron  yield  of  109  neutrons  per 
second  can  be  projected.  Simple  scaling  of  the  ion  source 
and  extraction  aperture  size  could  bring  the  neutron 
output  even  higher. 

These  experimental  findings  together  with  recent  ion 
source  testing  and  moderator  design  [4]  will  enable  one 
to  develop  compact  14  MeV  neutron  generators  based  on 
the  D-T  fusion  reaction.  In  this  new  system,  the  ion 
source,  the  accelerator  and  the  target  are  all  housed  in  a 
sealed  metal  container  without  pumping.  With  a  120  keV 
and  1  A  average  D+  beam  current,  it  is  estimated  that  a 
treatment  time  of  -35  minutes  is  needed  for  boron 
neutron  capture  therapy  (1014  neutrons/sec).  This  article 
describes  the  design  and  characteristics  of  the  new 
neutron  generator. 

2  NEUTRON  TUBE  DESIGN 

In  order  to  achieve  a  neutron  yield  of  1014  neutrons/sec,  a 
large  multicusp  source  together  with  a  multi-aperture 
extraction  system  to  produce  an  ion  beam  current  of  1  A, 
accelerated  to  120  kV,  and  impinging  on  a  well-cooled 
target  is  required. 

The  main  components  of  the  sealed  D-T  neutron  tube 
are  the  ion  source,  the  120  kV  accelerator  column,  the 
water-cooled  target  and  the  vacuum  system.  Figure  1 
shows  a  schematic  diagram  of  the  sealed  D-T  neutron 
generator.  It  is  a  scale  up  version  of  the  compact  neutron 
tube  that  LBNL  has  developed.  The  characteristics  of 
this  neutron  generator  are  as  follows. 
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Figure  1:  Schematic  diagram  of  the  sealed  D-T  neutron 
generator. 

2.1  The  ion  source 

The  multicusp  generator  is  a  30-cm-diameter 
cylindrical  stainless-steel  chamber  surrounded  with 
columns  of  samarium-cobalt  magnets.  The  plasma  is 
produced  by  RF  induction  discharge.  In  order  to  deliver 
RF  power  to  the  plasma,  a  coupler  in  the  form  of  a  multi- 
turn  induction  coil  is  used.  The  RF  power  supply  is  a 
broad  band  power  amplifier  driven  at  13.56  MHz  by  a 
signal  generator. 

To  maximize  the  neutron  output  at  the  target,  it  is 
necessary  to  produce  high  D+  and  T  concentrations  in 
the  extracted  beam.  Experiments  have  been  carried  out 
with  a  5-cm-diameter  ion  source  to  determine  the 
fractions  of  hydrogen  ion  species.  For  a  hydrogen 
pressure  of  4  mTorr,  the  results  are  plotted  in  Fig.  2. 


Figure  2:  Hydrogen  ion  species  fractions  versus  cw  RF 
power  for  gas  pressure  of  4  mTorr,  without  magnetic 
filter. 

The  monatomic  ion  species  H*  can  be  enhanced  by 
installing  a  permanent  magnetic  filter  in  the  source 
chamber  [3].  Lower  RF  power  is  then  needed  to  sustain 


the  plasma:  660  W  instead  of  1800  W  without  magnetic 
filter.  For  an  input  RF  power  of  1500  W,  the  minimum 
gas  pressure  to  sustain  the  plasma  also  decreases,  from  4 
mTorr  down  to  2  mTorr. 

Fig.  3  shows  that  the  filter  equipped  source  produces  a 
higher  H+  fraction  than  the  source  without  magnetic 
filter. 


Figure  3:  Hydrogen  ion  species  fractions  versus  cw  RF 
power  for  gas  pressure  of  4  mTorr,  with  magnetic  filter. 


In  the  best  case,  we  obtained  97%  of  H\  to  be 
compared  with  79%  without  magnetic  filter.  Fig.  4 
shows  the  hydrogen  ion  species  for  this  particular  case. 


Figure  4:  Hydrogen  ion  species  for  cw  RF  power=2  kW 
and  gas  pressure  of  4  mTorr. 

Apart  from  an  area  of  about  5  cm  from  the  chamber 
wall,  the  plasma  density  is  very  uniform  in  the  central 
region  of  the  30-cm-diameter  source.  Thus,  one  can  form 
multiple  beamlets  with  good  ion  optics  to  enhance  the 
extractable  current. 

Figure  5  shows  the  current  density  increasing  linearly 
with  the  RF  power.  The  magnetic  filter  strength  was 
lower  for  these  measurements  due  to  prior  overheating  of 
the  magnets.  For  an  input  RF  power  of  3  kW  and 
assuming  50%  transparency,  we  can  estimate  a  total 
extraction  area  of  ~60  cm2  for  a  current  density  of  33 
mA/cm2. 

We  plan  to  operate  the  source  in  a  pulsed  mode  with  a 
10%  duty  factor  at  a  current  density  of  150  mA/cm2.  This 
will  produce  an  average  beam  current  of  1  A  on  the 
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target.  The  RF  input  power  for  the  beam  pulse  is  now 
higher,  the  operating  pressure  should  decrease  and  the 
atomic  species  fraction  should  improve. 
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reservoir  element  and  target  due  to  the  decrease  of  their 
temperature.  The  absence  of  gaseous  tritium  in  the  tube 
between  operations  makes  the  sealed  neutron  tube  safe. 
In  order  to  control  the  helium  pressure  buildup  in  the 
tube,  some  getter  pumps  will  be  installed. 

Since  there  is  no  weak  component,  the  lifetime  of  the 
tube  should  be  very  long.  Higher  neutron  output  can  be 
achieved  either  by  increasing  the  extraction  area  or  by 
operating  the  source  with  higher  discharge  power. 

3  MODERATOR  DESIGN 

Epithermal  neutrons  of  energy  10  keV  are  required  for 
BNCT  applications.  Using  a  D-T  neutron  source  of 
energy  14.1  MeV,  one  can  generate  the  desired  neutron 
energy  spectrum  by  optimization  of  the  moderator  [4]. 


cw  RF  power  [Watts] 

Figure  5:  Current  density  versus  cw  RF  power  for  gas 
pressure  of  4  mTorr. 

2.2  The  120  kV  accelerator  column 

The  beam  extraction  system  which  closes  off  the  other 
end  of  the  ion  source  chamber,  contains  three  electrodes 
with  multiple  5-mm-diameter  apertures.  The  shape,  the 
separation  and  the  voltage  distribution  on  these 
electrodes  are  designed  by  using  the  I-GUN  computation 
code.  The  beamlets  expand  after  they  exit  from  the  last 
electrode  and  therefore  the  power  can  be  spread 
uniformly  across  the  target.  Source  and  electrode 
damages  caused  by  high  energy  backstreaming  electrons 
can  be  avoided  by  the  presence  of  a  suppressor  electrode. 


D-T  neutrons. 


2.3  The  water-cooled  target 

The  target  is  a  water-cooled  copper  plate  covered  by  a 
layer  of  titanium  which  can  absorb  deuterium  and  tritium 
atoms  efficiently.  Since  the  concentrations  of  deuterium 
and  tritium  in  titanium  decrease  with  increasing 
temperature,  it  is  important  to  keep  the  target  as  cold  as 
possible.  With  a  400  cm2  target  area,  the  power  density 
on  the  target  due  to  the  impinging  D+  and  T  ions  is  -300 
W/cm2  which  can  be  easily  handled  by  a  modest  water 
flow-rate.  In  order  to  maximize  the  lifetime  of  the  target 
and  to  maintain  a  constant  neutron  output,  a  self-loading 
target  will  be  used  and  the  multicusp  source  will  be 
operated  with  a  50%  -  50%  mixture  of  deuterium  and 
tritium. 

In  normal  operation,  the  entire  tube  will  be  at  an 
ambient  pressure  of  -2  mTorr.  Low  gas  pressure  is 
essential  for  reducing  both  charge  exchange  and  high- 
voltage  break-down  in  the  accelerator  column.  The 
deuterium  and  tritium  gas  pressures  are  controlled  by  a 
reservoir  element  consisting  of  a  tungsten  wire  coated 
with  zirconium.  Release  of  deuterium  and  tritium  gases 
is  achieved  by  circulating  a  current  in  the  tungsten  wire. 
After  operation,  deuterium  and  tritium  will  return  to  the 


The  neutron  spectrum  obtained  by  simulation  shown 
in  Fig.  6  results  in  a  dose  to  the  center  of  the  brain  about 
65%  higher  than  the  dose  obtained  from  a  typical 
neutron  spectrum  produced  by  the  Brookhaven  Medical 
Research  Reactor  (BMRR),  and  comparable  to  the  dose 
obtained  by  other  accelerator-based  neutron  sources.  One 
can  estimate  a  treatment  time  of  -35  minutes  with  a  1014 
n/sec  neutron  output. 
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Abstract 

On-line  educational  means  were  developed,  which  assist 
training  in  Radiation  Protection  and  in  Accelerator 
Technology  Safety,  in  Radiotherapy  Departments  and 
Industrial  Sterilization  Facilities.  Hypertext  and 
multimedia  courseware  are  gaining  importance  in 
University  and  Professional  Education,  and  may  partially 
release  the  teaching  staff,  and  offer  them  more  time  to 
concentrate  on  more  substantive  tasks,  improving  their 
interaction  with  the  individual  student.  Radiation 
Protection  in  Radiotherapy  and  Industrial  Sterilisation 
Facilities  includes  several  aspects  concerning  their 
planning,  the  hazard-sources,  the  environmental 
protection  and  the  general  safety.  This  presentation 
attempts  a  methodological  approach  to  the  radiation 
protection  policies  for  Low  Energy  (up  to  50  MeV)  and 
High  Current  (up  to  lkA)  Medical  and  Industrial 
Electron  Accelerator. 

1  INTRODUCTION 

The  purpose  of  this  paper,  is  to  describe  on-line 
educational  means,  that  were  developed  in  order  to  assist 
training  in  Radiation  Protection  and  in  Accelerator 
Technology  Safety,  in  Radiotherapy  Departments  and 
Industrial  Sterilisation. 

Radiation  Protection  in  Radiotherapy  and  Industrial 
Sterilisation  Facilities  includes  several  aspects 
concerning  their  planning,  the  hazard-sources,  the 
environmental  protection  and  the  general  safety.  This 
presentation  attempts  an  on-line  trainining  oriented 
methodological  approach  [10][11][  12],  to  the  radiation 
protection  policies  for  Low  Energy  (up  to  50  MeV)  and 
High  Current  (up  to  lkA)  Medical  and  Industrial 
Electron  Accelerator. 

2  THE  STRUCTURE  OF  THE  COURSE 

The  developed  Hypertext  courseware  includes  presently 
following  topics: 

2.1  Radiological  Policy  and  Facility  Planning 

The  Radiological  Safety  Aspects  strongly  influencing  the 
site  planning  are  initially  dealt  with.  The  accelerator 
room  should  usually  be  in  the  deepest  basement,  buried, 
taking  into  account  the  natural  features  of  the  ground  and 
of  the  Hospital  or  Industrial  facility  lay-out.  Patients  or 


bulky  items  should  be  brought  into  the  vault  through  a 
radiation  protection  door  [8],  frequently  moving  on  rails. 
Determination  in  final  architectural  lay-out  of  the 
location,  is  influenced  by  the  shape  and  the  dimensions 
of  mazes,  shafts  and  penetrations  so  that  safety  and 
functionality  are  optimised  and  by  the  definition  of 
accessibility  policy. 

The  electron  and  photon  interactions  with  matter, 
leading  also  to  a  photo-neutron  component  [1][2]  [4]  and 
the  estimation  of  the  associated  radiation  parameters 
which  are  necessary,  in  order  to  calculate  the  apropriate 
shielding  of  walls,  roof  and  ceiling,  that  determines  the 
civil  engineering  parameters,  are  also  presented.  In  the 
present  case,  including  low  energy,  skyshine  contribution 
to  public  exposure  is  negligible. 

Other  necessary  means  are  described  such  as  radiation 
monitors,  included  in  the  electrical  engineering  planning 
in  the  irradiation  areas,  interlaced  to  the  interlock  system 
and  the  control  console,  as  well  as,  the  substantive 
considerations  in  the  design  of  the  ventilation,  cooling 
and  other  auxiliary  systems,  concerning  air,  water, 
component,  dust  activation,  and  the  formation  of  noxious 
gases  through  radiolytic  reactions,  during  the  facility 
operation. 

2.2  Radiation  Protection  Instrumentation 

During  the  facility  operation,  in  several  points  around  it, 
qualitative  and  quantitative  measurements,  should  be 
performed,  in  order  to  assure  the  appropriate  function  of 
the  entire  installation. 

Concerning  real-time  monitoring,  the  major  controls 
and  the  corresponding  equipment  are  illustrated,  such  as 
beam  presence  detected  by  fixed  ionisation  chambers  or 
equivalent  detectors,  connected  to  the  Operation  Console, 
electron  dose  rate  or  the  equivalent  beam  current 
measured  by  twin  built-in  ionisation  chambers  and 
Marcus  chambers,  X-Ray  Dose  Rate  in  Radiotherapy  and 
Material  Irradiation,  measured  by  several  types  of 
external  ionisation  chambers,  and  neutron  component 
monitoring  outside  the  shielding,  in  control  room,  door 
etc.  detected  by  BF3  or  LiJ(Eu)  detectors,  associated  with 
the  Bonner  Spectrometer. 

Concerning  professionally  exposed  personnel,  who 
should  be  regularly  monitored,  through  personal  badge 
dose-meters,  Thermoluminescence  (TLD)  albedo  dose- 
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meters  and  ionisation  chamber  based  pocket  and  pencil 
dose-meters,  and  should  be  equipped  with  portable  survey 
meters.  The  most  important  of  these  devices  are  also 
demonstrated. 

Beyond  personnel  dosimetry,  other  systematic 
measurements  of  integral  dose  over  some  time  period  that 
might  be  necessary,  as  well  as,  activation  measurements 
of  parts  of  the  equipment,  the  shielding  and  other 
materials  and  the  associated  equipment  are  examined. 

Finally,  Radiation  Protection  related  Beam  Diagnostics 
and  the  corresponding  beam  quality  parameters,  such  as 
presence  of  the  beam,  beam  current,  alignment,  and 
energy  calibration  are  likewise  mentioned. 

2.3  Environmental  Monitoring  Program 

The  components  of  an  environmental  monitoring 
program,  and  more  specifically,  ambient  (stray)  radiation 
and  background  dose-rate  measurements,  aerosols  and 
water  radioactivity  measurements,  and  noxious  gases 
measurements  [13]  in  the  accelerator  room  that  should  be 
carried  out  frequently,  are  summarised  in  this  section. 
The  associated  radiation  protection  and  environmental 
monitoring  laboratory  is  also  described. 

2.4  General  Safety  Requirements 

The  mechanical  hazards  presented,  in  the  accelerator 
facilities  under  consideration,  are  related  to  the  planning, 
the  installation  and  the  operation  of  the  irradiation  head, 
the  gantry  and  the  table  in  medical  accelerators  and  the 
overhead  cranes,  conveyor  belts,  and  load  elevators,  in 
industrial  accelerators. 

Further  hazards  are  related  to  the  design  and  the 
operation  of  the  massive  radiation  protection  doors,  and 
to  the  cooling  water,  rain-water  drainage  or  water 
processing  units  and  pipelines,  that  in  case  of 
malfunction,  might  result  in  flood. 

Electrical  hazards  included  are  concerning  high 
voltage  used  in  the  klystron,  the  vacuum  and  beam-line 
monitoring  instruments,  the  short-circuit  hazards  relative 
to  the  high  current  magnet  power-supplies,  as  well  as,  the 
common  electrical  hazards,  encountered  in  any  industrial 
environment. 

Disturbances  caused  by  the  high  frequency  on  the 
accelerators  monitoring  equipment,  such  as  ionisation 
chambers,  if  not  properly  RF-shielded,  and  general 
electromagnetic  compatibility  questions  are  also 
considered  in  this  section. 

Closely  related  to  electrical  hazards,  is  the  threat  of  fire 
and  the  related  fire-protection  system  of  the  facility 
including  individual  smoke  detectors  combined  to  with 
suitable  extinguishers. 

Finally,  a  general  accident  limitation  operational 
policy,  including  all  the  remaining  miscellaneous 
hazards,  is  also  synopsized  in  this  section. 


2.5  Radiation  Treatment  Planning  and 
Administration. 

In  this  part,  the  Simulation  and  Localisation  systems  in 
Radiotherapy,  and  their  functional  relation  to  and  mutual 
interaction  with  the  Treatment  Planning  systems  are 
presented.  Some  special  techniques  [3]  [5]  [6]  [7],  beyond 
usual  Tele-  and  Brachy-Therapy,  such  as  Irregular  and 
Large  Field  Irradiation,  Stereotactic  Irradiation, 
Radiosurgery,  and  Intra-Operative  Radiation  Treatment, 
combined  to  the  appropriate  equipment  and  the 
necessary  radiation  protection  procedures,  are  also 
outlined. 

Biological  Treatment  Planning  in  Radiotherapy, 
considering  spatial  and  temporal  dose  distribution,  forms 
another  topic  of  interest.  Systems  that  provide  the  means 
for  the  estimation  of  important  biophysical  parameters 
such  as  the  Extrapolated  Response  Dose  (ERD),  the 
Tumor  Response  Probability  (TCP),  the  Normal  Tissue 
Complication  Probability  (NTCP)  etc.  are  also  examined. 
Most  of  them  are  based  on  probabilistic  algorithms, 
including  the  concept  of  memory  dose,  and  established 
on  experimental  data  for  normal  tissue  tolerance  dose 
levels  to  therapeutic  irradiation.,  obtained  mainly 
through  cell-series  irradiation. 

Programs  for  the  patient  Irradiation  Management 
performed,  including  record  keeping,  fractionation, 
overlapping  of  past  and  present  schemata  etc.  and 
enabling  retrospective  data  analysis  and  prospective 
outcome  judgement,  are  also  referred  to. 

3  HEAVY  CHARGED  PARTICLES  IN 
RADIATION  THERAPY 

Several  attempts  to  improve  the  dose  distribution  and  the 
biological  efficiency  in  Radiotherapy,  by  using  high-LET 
radiation  are  described  in  this  future  oriented  part  of  the 
project. 

Experiments  carried  out  with  pions  have  shown,  that 
an  increase  of  biological  efficiency  of  only  20% 
occurred,  in  the  stopping  region  of  the  pions,  where  the 
nuclear  star  reactions  are  taking  place.  There  are 
problems  to  create  high  pion  fluences,  and,  therefore,  the 
overall  treatment  time  is  too  long  and  beyond  reason 
expensive  for  a  routine  therapy. 

The  application  of  fast  neutrons  in  Radiotherapy,  on 
the  other  hand,  have  caused  severe  late  effects.  Further, 
only  a  limited  variety  of  radioresistant  tumors  can  be 
treated  successfully. 

Heavy  charged  particles  [9]  are  gaining  importance  in 
external  radiotherapy  of  deep  located  tumors,  because  of 
the  limited  angular  and  lateral  scattering  and  the  growth 
of  energy  deposition  with  increasing  penetration  depth. 

In  this  section  of  the  on-line  course,  the  physical  and 
radiobiological  advantages  of  particle  beams  due  to  the 
beam  properties  and  the  high  LET  effects  are  presented, 
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as  well  as,  the  associated  benefits,  concerning  the  overall 
exposure  of  the  patient. 

The  on-line  control  of  the  beam  by  PET  techniques,  the 
improved  dose  delivery  by  magnetic  scanning  and  fast 
energy  variation  and  the  tumor  conform  treatment 
planning,  when  using  heavy  ion  beam  scanning, 
constitute  further  advantages,  both,  for  the  treatment  of 
the  patients  and  the  radiological  safety  policy  of  the 
facility,  that  are  also  included  in  the  presentation. 

The  performance  of  the  existing  accelerator  facilities 
that  develop  medical  activities  and  the  future  aspects  of 
particle  therapy  are  also  oudined. 

4  ON-LINE  EDUCATIONAL  MEANS  AND 
TRAINING  IN  RADIATION  PROTECTION 

Hypertext  and  multimedia  courseware  are  gaining 
importance  in  University  and  Continuous  Education. 
Transforming  conventional  lectures  or  textbook  material 
into  an  electronic  format,  offers  limited  benefits  thus,  the 
structure  and  the  content  of  a  course  should  be  changed 
in  order  to  take  advantage  of  the  technology.  HTML- 
based  teaching  tools  interact  both  with  teachers  and 
students  and  they  may  influence  our  understanding  of  the 
scientific  subject  matter  under  consideration. 

Distance  education  using  Web-based  and  other 
emerging  technological  alternatives  promise  to  reach 
various  groups,  offering  them  continuous  education 
services.  These  groups  may  comprise  of  those  who  are 
already  engaged  in  professional  work,  in  our  case 
physicians,  nurses,  engineers,  physicists  etc.  and  of  those 
isolated  from  such  opportunities,  due  to  other  social 
conditions.  These  groups  are  not  likely  to  receive  the 
same  educational  experience  as  traditional,  on-campus 
students.  The  concern  that  technology-based  distance 
education  is  inferior,  is  probably  not  unwarranted. 
However,  the  new  electronic  media  may  offer  a  cost- 
effective  way,  to  enhance  formal  or  professional 
education  alternatives. 

A  specialized  course  primarily  consists  of  a  mutually 
interacting  group  and  "digital  alternatives",  such  as 
email,  electronic  discussion  groups,  virtual  classrooms 
etc.,  are  very  useful,  not  only  for  individuals,  but  even  for 
Institutions,  since  they  are  not  able  nor  willing  to  create 
an  adequately  high  academic  environment.  Presently,  it 
seems  likely,  that  on-line  courses,  will  not  develop  into  a 
total  substitute  for  in-person  education,  but  rather  an 
appropriate  combination  of  traditional  and  on-line 
educational  activities  will  follow. 

Finally,  on-line  instructional  material  accessed  by  the 
students  or  trainees,  may  also  partially  release  the 
teaching  staff,  and  offer  them  more  time  to  concentrate 
on  more  substantive  tasks  improving  their  interaction 
with  the  individual  student  or  trainee. 


The  use  of  accelerator  technology  in  Medicine  and 
associated  commercial  activities  is  expected  to  grow 
rapidly  in  the  dawn  of  the  21st  Century. 

Beyond  Radiotherapy,  Radiopharmaca  production, 
medical  applications  of  Synchrotron  radiation  and  of  free 
electron  LASER  are  visible,  at  least  in  Research  and 
Technological  Development  activities. 

The  needs  for  training  in  Radiation  Protection  and  in 
Accelerator  Technology  Safety,  in  Medical  and  Industrial 
Facilities,  will  also  increase  accordingly,  and  the 
employment  of  carefully  prepared  and  frequently  updated 
related  on-line  educational  means  seems  to  be  inevitable. 
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Abstract 

The  radiation-acoustic  analyzer  for  real-time  non¬ 
destructive  investigation  of  phase  state,  mechanical  and 
thermodynamic  characteristics  of  solids  was  designed.  Its 
action  is  based  on  original  radiation-acoustic  method, 
which  includes  probing  of  investigated  materials  by 
pulsed  electron  beam  and  registration  of  the  excited 
acoustic  waves.  The  results  of  radiation  testing  of  some 
metallic  alloys  are  discussed. 

1  INTRODUCTION 

The  radiation-acoustic  analyzer  (RAA)  has  been 
developed  for  real-time  simultaneous  measurements  of  the 
Gruneisen  parameter,  sound  velocity,  elasticity  modulus, 
the  Poisson  ratio,  linear  thermal  expansion  coefficient  and 
specific  heat  of  structural  materials  exposed  to  dynamic 
and  static  stresses,  radiation  and  electromagnetic  fields, 
temperature  etc.  It  also  may  be  used  for  investigation  of 
kinetics  of  structure  phase  transition  (SPT)  of  the  first  and 
second  kind  in  metals,  ceramics  or  polymers.  Developed 
facility  is  especially  useful  for  investigation  of  materials 
showing  nonlinear  behaviour  in  the  vicinity  of  SPT  where 
conventional  static  methods  may  not  reveal  some 
nonlinear  effects. 

2  RADIATION-ACOUSTIC  METHOD  OF 
MATERIAL  INVESTIGATION 

Radiation-acoustic  method  of  measurement  of 
characteristics  of  materials  [1-7]  includes  the  probing  of 
investigated  material  by  pulsed  beam  of  ionizing  particles 
(electrons,  protons,  gamma-quanta  etc.)  and  registration  of 
instantaneous  acoustic  stresses  (7  (x  -  St)  caused  by  fast 
heating  of  the  material.  Here  x  -  distance  between  the 
center  of  the  beam-target  interaction  spot  and  the  acoustic 
detector,  s  -  sound  velocity,  t  -  time.  The  magnitude  of 
< 7  is  determined  by  the  density  £  of  energy,  released  by 
the  beam  in  the  target,  the  Gruneisen  parameter  T  and  the 
Poisson  ratio  fl  of  the  target  material: 

<7  (x  -  St)  =  y  £  (x  -  St)  /2,  (1) 

where  y  is  the  sound  generation  parameter,  which  is 
expressed  through  T  and  /I  as  [2,  3]: 


y  ,  =  d-2 /or 

for  one-dimensional  (thin  rod  shaped)  target, 

y  2=r(i  -2  /o/(i-  fi) 

for  two-dimensional  (thin  plate  shaped)  target, 

n  =  r 

for  three-dimensional  target  (in  bulk  of  the  material).  The 
Gruneisen  parameter  is  given  by  the  formula 

r  =  «EY  /[3 pC  (1-2  fl )], 

where  Ot  is  the  coefficient  of  thermal  expansion,  EY  is  the 
Young  modulus,  p  is  the  target  material  density,  C  is  its 
specific  heat. 

By  processing  of  the  signal  <7  (x  -  st)  registered  by 
acoustic  detector  connected  to  the  target  one  can  extract 
information  about  those  characteristics  of  the  target 
material  which  determine  the  stress  magnitude.  The  time 
resolution  of  the  method  is  determined  by  the  particle 
pulse  width,  beam  diameter,  geometry  and  the  bandwidth 
of  the  detector.  For  our  equipment  it  is  limited  by  10  ns. 
Equation  (1)  is  valid  in  the  approximation  of  instant 
release  of  the  energy  in  the  target,  i.e.  T  «  Ts  =  D/s, 
where  Ts  is  the  acoustic  relaxation  time,  T  is  the  duration 
of  the  radiation  pulse,  and  D  is  the  beam  diameter.  It  is 
also  supposed  that  the  condition 

y  (T  +  A  T)  -  y  (T) « l 

is  satisfies.  It  means  that  in  the  range  of  radiation 
overheating  A  T=  £  /( p  C)  parameter  y  ,  does  not 
change  significantly.  T  is  the  initial  temperature  of  the 
material. 

3  RADIATION-ACOUSTIC  ANALYZER 

The  radiation-acoustic  analyzer  includes  an  electron 
accelerator,  a  testing  bench  on  which  the  tested  sample  is 
exposed  to  programmed  sequence  of  external  actions  and 
the  radiation-acoustic  system  (See  Fig.l). 

The  radiation-acoustic  system  includes  a  set  of  acoustic 
sensors  and  the  sensors  of  temperature,  static  and  dynamic 
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stress,  deformation,  radiation  flux,  etc.  The  data 
acquisition  and  processing  module  of  the  system  is 
controlled  by  IBM  PC  computer  and  consists  of  a  strobig 
analog-digital  convertor,  a  commutator  of  analog  signals, 
a  module  of  synchronization  and  automated  remote 
control. 


Figure  1.  Scheme  of  the  radiation-acoustic  analyzer, 
e'  -  pulsed  electron  beam;  ES  -  electromagnetic  scanner;  C 
-collimator;  M  -  thermoacoustic  monitor;  AS1,  AS2  - 
acoustic  sensors;  IS  -  investigated  sample;  TS  - 
temperature  sensor;  SS  -  sensor  of  static  and  dynamic 
stresses;  PA  -  preamplifier;  FCD  -  set  of  final  control 
devises;  A  -  amplifiers;  AC  -  commutator;  SADC  -  high 
precision  analog-digital  converter;  FADC  -  strobing 
analog-digital  converter;  Sync  -  clock  pulse;  DAC  - 
digital-analog  converter;  RCM  -  remote  control  module. 

Radiation  probing  of  investigated  samples  is  performed 
by  single  pulses  of  electron  beam  with  energy  5-30  MeV 
and  low-intensity  (107 — 1010  electrons  in  a  pulse).  The 
beam  diameter  is  1  -  4  cm,  the  pulse  width  10'8  -  10'5  s. 
Radiation  heating  A  T  <  10 3  K  of  the  sample  material  by 
such  a  pulse  does  not  cause  irreversible  changes  of 
investigated  materials.  To  simplify  the  data  analysis 
experimental  samples  are  shaped  as  thin  rods  or  plates. 
The  sample  thickness  d  must  satisfy  the  conditions; 

d(dEydbr) «  E„  d  +  s  Tb «  D  (3) . 

Here  Ee  is  the  electron  energy,  dEj/dx  is  the  electron 
energy  loss  in  the  target  material,  fb  is  the  effective 
electron  pulse  width,  D  -  the  beam  diameter. 

Acoustic  pulses  excited  in  the  target  IS  and  monitor  M  by 
the  same  electron  pulse  are  recorded  using  radiation- 
resistant  broad-band  (10MHz)  piezoceramic  sensors  AS1 
and  AS2,  and  analog-digital  converter  SADC  (See  Fig.l). 


Amplitude,  duration  and  shape  of  acoustic  pulse  and  the 
delay  between  pulses  from  AS1  and  AS2  are  registered. 

One-  or  two-dimensional  thermoacoustic  monitors  M  on 
the  base  of  thin  rods  or  plates  allow  as  to  determine  the 
following  characteristics  of  the  beam:  intensity, 
coordinates  of  the  beam  spot  on  the  target  and  radial 
distribution  of  particles  in  the  beam,  instantaneous  beam 
intensity,  the  energy  of  the  beam  pulse.  The  system  also 
allows  us  to  change  programmatically  the  conditions  of 
the  experiment,  for  instance  to  change  the  temperature  of 
the  samples,  static  and  dynamic  stresses,  radiation  and 
electromagnetic  field  affecting  the  sample. 

The  software  of  the  analyzer  makes  it  possible  to  program 
the  experimental  routine,  to  control  the  experiment  on¬ 
line,  to  read,  process  and  display  information.  One  can  see 
on  line  the  shape  of  acoustic  signals,  parameters  of  the 
acoustic  pulse  and  the  electron  beam.  Epures  of 
temperature,  stress  and  deformation  can  also  be  displayed 
on  the  monitor  screen.  The  program  calculates  mechanical 
and  thermodynamic  characteristics  of  investigated 
materials,  stores  and  reports  the  data. 

4  APPLICATION  OF  RAA  FOR 
INVESTIGATION  OF  STRUCTURE 
PHASE  TRANSITIONS  IN  SOLIDS 

The  analyzer  was  used  to  study  characteristics  of 
materials  with  shape  memory  effect:  CuAINi,  TiNi, 
TiNiFe,  TiNiCu,  TiNiHf  (the  phase  transition  martensite 
<-»  austenite);  rare-earth  metals:  Gd,  Dy  (ferro  *-* 
paramagnetic  transition);  hot-pressed  high-temperature 
superconducting  ceramics  (the  phase  transition  to  a 
superconducting  state);  polymers:  polymetylmetacrylate, 
polythetraftorethylene,  polyethylene  etc.  (glassy  «-»  highly 
elastic  state).  Phase  transitions  were  detected  by  the 
change  of  thermoelastic  and  thermodynamic  parameters  of 
the  materials  at  the  phase  transition  point.  These  studies 
were  held  in  a  wide  range  of  temperature  (80  -  500K)  and 
in  a  wide  range  of  tensile  or  bending  stress 
(10- 1000  MPA). 

The  hysteresis  behaviour  of  the  temperature  dependencies 
of  parameters  y  (T),  EY(T),  s(T),  C(T)  and  CC  (T)  was 
observed  in  the  vicinity  of  the  SPT  for  all  investigated 
alloys  with  shape  memory  effect  (CuAINi,  TiNi,  TiNiFe, 
TiNiCu,  TiNiHf).  Such  hysteresis  is  characteristic  of 
martensite*austenite  transitions.  It  is  found  that  the  shape 
of  the  hysteresis  loop  and  its  position  on  the  temperature 
axis  for  parameters  measured  is  depends  on  the 
concentration  of  the  main  components  Ti,  Ni  and  the 
admixtures  Cu,  Hf  and  Fe.  It  also  depends  on  the  stress 
caused  by  the  sample  deformation.  For  TiNi  based  alloys 
the  elasticity  modulus  EY  goes  to  a  minimum  in  the  region 
of  SPT  for  both  forward  and  backward  transitions.  It  is 
connected  with  arising  of  “soft  modes”  in  the  vibration 
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spectrum  of  the  metal  and  ultimate  instability  of  the 
crystal  lattice  near  SPT. 

On  Fig.2  temperature  dependencies  of  elasticity  modulus 
Ey(T)  for  TiNiFe  alloy  in  a  free  state  (solid  lines)  and  in  a 
stress-strained  state  (dashed  lines)  are  shown.  External 
stress  —120  MPa  was  produced  by  a  three-point  bend  at 
the  temperature  280  K.  The  stress  raises  the  temperature 
of  the  martensitic  phase  transition  by  the  value  of 
AT  <  6K  and  reduces  a  degree  of  “softening”  of  crystal 
lattice  Em2  >  Eml.  By  integrating  of  specific  heat  C(T)  in 
the  vicinity  of  the  phase  transitions  the  heat  of  direct 
(exothermic)  austenite-martensite  SPT  HA_M  =  -18,3  J/g 
and  opposite  (endothermic)  martensite-austenite  SPT 
HM-a  =  16,9  J/g  were  determined. 


Figure  2.  Temperature  dependencies  of  the  elasticity 
modulus  Ey(T)  for  TiNiFe  alloy. 

Radiation-acoustic  investigation  of  the  alloys  TiNi, 
TiNiCu,  TiNiFe  at  their  electrochemical  saturation  with 
hydrogen  H2  and  deuterium  D2  were  carried  out. 
Saturation  of  the  alloy  with  hydrogen  or  deuterium 
changes  the  amplitude  <T  of  acoustic  signal,  and  one  can 
observe  softening  of  the  lattice  and  shifting  of  the 
hysteresis  curves  of  J  (T)  and  EY(T)  along  the 
temperature  axis  by  the  value  AT<  30  K  depending  on 
concentration  H2  or  D2  concentration. 

For  hot  pressed  high-temperature  superconducting 
ceramics  the  measurements  of  y  (T)  in  the  temperature 
range  of  85-300  K  were  carried  out.  It  was  found  that  the 
maximum  of  the  generation  parameter  y  (T)  is  reached  in 
the  region  of  the  superconducting  phase  transition 
(Tk  =  92  K). 


5  CONCLUSION 

The  major  advantage  of  the  radiation-acoustic  method  of 
the  material  properties  investigation  is  its  high 
productivity.  Using  this  method  one  can  obtain  for  an 
hour  the  amount  of  experimental  data  for  obtaining  of 
which  by  conventional  methods  one  would  have  spend 
years.  Therefore  the  method  is  extremely  useful  in 
technological  the  researches  where  the  qualities  of  the  end 
product  depend  on  multiple  parameters  of  the 
technological  process.  This  method  showed  its  power  at 
the  development  of  the  technology  of  new  polymer 
composite  materials  [8]  where  the  amount  of  multi¬ 
parameter  experiments  performed  was  so  large,  that  it 
would  have  not  be  feasible  without  RAA. 
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NON-WASTE  AND  RESOURCE-SAVING  RADIATION  PROCESS  OF 
POLYMER  MODIFIED  WOOD  PRODUCTION* 

A. Avilov,  V.Deruyga,  G.Popov*.  V.Rudychev,  I.Zalyubovsky 
Kharkiv  State  University,  Kharkiv,  Ukraine 


Abstract 

Technology  of  modification  wood  with  synthetic  polymer 
is  designed.  It  is  useful  for  improvement  of  consumer 
value  of  low-grade  soft  wood  such  as  poplar,  aspen,  alder 
or  birch  as  well  as  for  utilization  of  wood-making  industry 
wastes  such  as  cuttings,  sawdust  and  chips.  Composite 
materials  are  manufactured  by  impregnation  of  wood 
with  synthetic  monomers  or  oligomers  and  subsequent 
radiation  polymerization.  The  materials  excel  all  kinds  of 
natural  wood  in  their  resistance  to  abrasion  and  corrosion. 
The  development  was  carried  out  using  a  linear  electron 
accelerator  with  electron  energy  5-8  MeV  and  beam 
power  5  kW. 

1  INTRODUCTION 

The  development  of  radiation  technology  of  various 
polymer  composite  materials  has  been  held  at  Kharkiv 
State  University  for  the  last  few  years  [1-6].  Such  base 
components  as  wood,  fiber-board,  paper;  gypsum,  tuff, 
calcite,  sand  and  their  mixtures,  wastes  of  paper,  textile 
and  wood;  crumbs  and  dust  of  marble,  granite,  gypsum, 
asbestos-cement,  concrete,  ceramic  are  used  as  the 
materials  base.  These  capillary-porous  materials  are 
impregnated  with  liquid  binder  (synthetic  monomer  or 
oligomer).  For  polymerization  of  the  binder  in  bulk  of  the 
materials  we  use  microwave,  electron  or  gamma  radiation 
with  energy  less  than  10  MeV. 

It  is  found  that  by  varying  the  conditions  of 
polymerization  one  can  significantly  change  the  properties 
of  the  final  material  and  obtain  variety  of  products  from 
the  same  row  supplies.  Low-value  raw  materials  and 
waste  products  can  be  utilized  with  low  energy 
consumption.  When  using  molding,  casting  or  extrusion 
for  shaping  goods  one  can  have  an  extremely  low  waste  of 
products.  Polymer  modified  wood  (PMW)  having 
attractive  look  and  exceptional  durability  is  the  first 
among  developed  materials  to  enjoy  commercial  success. 

2  TECHNOLOGICAL  PROCESS 

The  process  of  radiation-chemical  modification  of  wood 
for  production  of  chipboard,  plywood  veneer  or  another 
goods  includes  the  following  operations:  drying  of 
wooden  supplies,  bunching,  degassing,  impregnation  with 


*  Work  was  supported  by  the  STCU,  Kyiv,  Grant  #155 
'  Email:  popov@pht.univer.kharkov.ua 


synthetic  monomer  or  oligomer,  hermetic 
encapsulation/shaping,  radiation  treatment,  unloading  of 
the  end  product,  trimming/abrasion.  The  technological 
scheme  of  the  radiation-chemical  process  of  polymer- 
modified  wood  formation  is  shown  in  Fig.l. 


Fig.l.  The  technological  scheme  of  polymer-modified 
wood  formation  under  action  of  relativistic  electrons  or 
bremsstrahlung  radiation. 

The  drying  is  carried  out  in  microwave  chambers  or 
vacuum-thermal  drying  boxes.  Dry  wood  or  wooden 
articles  are  packed  up  in  metal  cassettes  which  measure 
100x10x70  cm3.  Each  cassette  can  hold  up  to  150  parquet 
strips  or  correspondent  number  of  solid  blocks  of  material 
(usually  100x10x7  cm3).  Our  lm3  vacuum  chamber  can 
hold  up  to  16  cassettes.  Impregnation  of  wood  with  binder 
is  carried  out  by  “vacuum  -  atmospheric  pressure  - 
overpressure”  method.  After  pumping  the  chamber  it  is 
filled  with  liquid  binder  from  recirculating  reservoir. 
Treatment  time  depends  on  necessary  impregnation 
degree  (40  -100  mass  per  cent). 

After  impregnation  each  cassette  with  wood  is  put  to  a 
light,  transparent  for  radiation  frame  hermetically 
wrapped  with  0.3-0.5  mm  aluminum  foil.  These 
containers  are  placed  consequently  on  a  conveyor 
delivering  them  into  the  radiation  field  formed  by 
scanning  electron  beam.  Each  container  may  pass  the 
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sides  are  irradiated. 

3  EQUIPMENT 

The  facilities  for  PMW  formation  incorporate  a 
microwave  chamber  for  drying  of  wooden  supplies,  a 
vacuum  system  for  evacuating  of  oxygen  and  residual 
moisture  from  base  material,  the  system  for  impregnation 
of  evacuated  samples  with  liquid  synthetic  binder, 
facilities  for  purification  of  monomer/oligomer  and  air  in 
work  area,  radiation-chemical  installation  for  binder 
polymerization,  woodworking  equipment  for  machining 
of  natural  and  modified  wood  and  equipment  for  testing  of 
physical  and  mechanical  properties  of  PMW.  The 
radiation-chemical  installation  includes  a  linear  electron 
accelerator,  the  system  for  the  electron  beam  scanning,  a 
bremsstrahlung  converter,  the  system  for  electron  beam 
parameters  control  and  radiation  monitoring,  and  the 
technology  control  system.  The  linear  electron  accelerator 
"Electronica  -  U003"  is  used  as  a  radiation  source.  It  has 
the  following  characteristics:  electron  energy  4-8  MeV; 
electron  beam  current  0.5  mA;  mean  beam  power  5  kW; 
pulse  duration  1-4  ps;  pulse  frequency  1-250  Hz; 
frequency  of  electromagnetic  scanner  1-8  Hz;  the 
deviation  angle  of  the  scanner  ±20°.  The  electron  energy  is 
converted  to  bremsstrahlung  radiation  with  a  tantalum 
converter  placed  in  front  of  the  container. 

Beam  parameter  control  system  [7-9]  is  based  on  original 
rod/plate  shaped  thermoacoustic  detectors.  It  allows 
measuring  of  the  following  instantaneous  or  integral 
parameters  of  electron/bremsstrahlung  beam:  intensity, 
diameter  and  position  on  the  target,  effective  width, 
particle  distribution  in  the  beam  cross  section  and  on  the 
surface  of  target,  cumulative  dose  of  radiation.  It  makes  it 
easy  to  adjust  radiation  beam  for  particular  technology 
needs. 

4  EXPERIMENTAL  RESULTS 

The  process  of  radiation-induced  composite  material 
formation  for  several  combinations  of  base  and  binder 
was  studied.  Such  kinds  of  wood  as  aspen,  alder,  poplar, 
birch,  beech,  oak,  hornbeam  and  yew  ware  taken  as  the 
base.  Vinylacetate,  methylmethacrylat,  butilmethacrylat, 
styrene,  polyesther-  and  epoxy  resins  and  their  mixtures 
were  used  as  the  binder.  Wide  and  flat  samples  (around 
100x50  cm2)  were  treated  by  scanning  electron  or 
bremsstrahlung  beams.  Plane  distribution  of  radiation  flux 
on  the  surface  of  large  samples  was  achieved  by  using  a 
special  form  modulation  current  to  feed  the  electromagnet 
of  the  scanning  system.  The  samples,  more  than  100  cm, 
were  treated  by  shifting  step  by  step  transversely  to  the 
electron  beam.  The  radiation  monitoring  system  allowed 
obtaining  three-dimensional  dose  distribution  in 
experimental  samples  so  as  to  make  the  radiation- 
chemical  experiments  more  precise. 


factor  for  given  chemical  content  of  the  material  is  the 
dose  of  electron/bremsstrahlung  radiation.  The  type  of 
radiation  and  the  dose  rate  also  have  effect  and  should  be 
considered  when  choosing  the  conditions  of  the  radiation- 
induced  polymerization  of  materials.  Two-sided 
irradiation  of  thick  PMW  samples  or  sample  stacks, 
which  thickness  is  more  than  the  electron  range,  was  used. 
For  thick  high-density  items  it  is  useful  to  convert  the 
electron  beam  to  bremsstrahlung  which  has  higher 
penetration  ability  and  therefore  produces  more 
homogeneous  absorbed  dose. 

The  processes  of  polymerization  and  co-polymerization  of 
monomer  in  capillary-porous  or  dispersed  filler  differs 
from  one  in  pure  monomer  binder  and  has  catalytic 
nature.  That  is  why  dispersion  or  specific  surface  of  the 
base  material  have  as  much  influence  on  polymerization 
degree  as  concentration  of  sensitizing  impurities  or 
temperature. 

Methods  of  optimizing  parameters  of  radiation  treatment 
targeted  to  maximize  productivity  of  the  accelerator  and 
obtain  the  most  homogeneous  dose  distribution  in  the 
volume  of  processed  materials  were  developed.  On  the 
basis  of  our  experimental  data  as  well  as  computer 
simulation  of  the  radiation  field  in  the  target  material  a 
mathematical  model  of  the  polymerization  process  was 
built.  The  parameters  of  the  model  are  electron  energy, 
beam  current,  exposure  time,  -  temperature,  geometric 
parameters  of  the  scanning  beam  and  the  container,  wood 
density,  the  chemical  formula  of  the  binder  and 
impregnation  degree.  There  are  variants  of  the  model 
considering  two-sided  irradiation  of  the  container  and 
conversion  electron  beam  to  bremsstrahlung.  For  the 
particular  base-binder  pair  unknown  parameters  of 
radiation  polymerization  process  are  determined  by  a  few 
technological  experiments,  and  then  one  can  calculate  the 
optimal  conditions  of  the  process  in  terms  of  productivity 
and  homogeneity  of  dose.  In  general  the  dose  5-50  Mrad 
is  necessary  to  achieve  the  desired  degree  of 
polymerization,  and  it  takes  5-30  minutes  of  irradiation  on 
such  accelerator  as  we  used.  Overall  productivity  of  our 
pilot  model  of  installation  is  20  000  -  40  000  m3  of 
parquet  flooring  per  year. 

Pilot  series  of  goods  and  experimental  examples  of 
polymer-modified  wood  were  manufactured.  The 
following  characteristics  of  new  PMW  were  measured: 
mass  density;  hardness;  bursting  and  bearing  strength, 
toughness,  compression  and  elasticity  modules,  abrasive 
wear,  thermal  expansion  coefficient,  moisture  resistance; 
shape  stability;  waterproof,  thermoinsulation  and 
dielectric  characteristics;  fire  resistance;  biological  and 
chemical  resistance.  It  was  shown  that  because  of 
modification  the  wood  the  hardness  increases  5-10  times, 
elasticity  modulus  increases  2-5  times,  abrasion  wear 
decreases  2-4  times,  water  absorption  decreases  20-50 
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material  to  desired  color,  for  example  make  the  that  all  mechanical  and  operational  properties  of 
inexpensive  wood  looking  like  ebony  or  mahogany.  modified  soft  wood  are  better  than  properties  of  natural 

oak. 

Some  characteristics  of  modified  with 
methylmethacrylat  wood  are  compared  with 

Table  1.  Comparative  characteristics  of  natural  and  modified  with  methylmethacrylat  wood 


Characteristic 

birch 

aspen 

oak 

modified 

modified 

original 

0.63 

0.9  -1.2 

0.47 

0.9 -1.2 

0.69 

Hardness,  MPa 

40-48 

120-180 

25-30 

110- 160 

65-70 

Cross-breaking  strength, MPa 

80-90 

200  -  260 

70-80 

160-  200 

90-110 

Compressive  strength,  MPa 

45-55 

100-130 

30-40 

100-  120 

45-58 

Impact  strength,  KJ/sq.m 

70-80 

120-260 

70-80 

120- 220 

65-80 

Abrasion  wear,  mm 

0.5  -  0.6 

0.2 

1.2 

0.35 

0.5 

Water  absorption  for  24  hrs,% 

70-80 

3-6 

70-95 

3-6 

25-  30 

5  CONCLUSION 

An  -advantage  of  the  developed  technology  is  the 
possibility  to  utilize  wastes  of  woodworking  industry  such 
as  wood,  chipboard  and  veneer  cuttings,  sawdust  and 
chips.  Such  soft  low-grade  wood  as  poplar,  aspen,  alder, 
and  birch  make  high  quality  materials  when  modified  with 
synthetic  polymer.  Polymer  modified  materials  may  be 
used  for  manufacturing  such  top-quality  goods  as 
furniture,  window  frames,  doors,  parquet,  wall  siding, 
gear  drives,  etc. 

High  hardness  and  shape  stability,  high  thermoinsulation 
and  waterproof  characteristics,  chemical  and  biological 
durability  make  the  materials  ideal  for  use  in  heavy 
conditions  such  as  chemically  aggressive  environment  or 
wet  tropical  climate,  another  prospective  area  of 
application  is  preservation  and  restoration  of  antiquities. 
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Abstract 

Laser-Compton  scattering  with  picosecond  C02  laser 
pulses  is  proposed  for  generation  of  high-brightness  x- 
rays.  The  interaction  chamber  has  been  developed  and 
the  experiment  is  scheduled  for  the  generation  of  the  x- 
rays  of  4.7  keV,  107  photons  in  10-ps  pulse  width  using 
50-MeV,  0.5-nC  relativistic  electron  bunches  and  6  GW 
C02  laser. 


1  INTRODUCTION 

Laser  Compton  scattering  can  generate  x-rays  or  y-rays 
with  high  brightness  and  controlled  polarization  by 
applying  high-peak-power  laser  pulses  to  relativistic 
electron  bunches.  We  propose  to  use  laser  this  method 
for  generating  circularly  polarized  y-rays  which,  by  pair- 
creation,  produce  circularly  polarized  positrons  for  JLC 
(Japan  Linear  Collider)  project  [1].  In  this  scheme,  a 
picosecond  C02  laser  will  be  used  as  a  photon  source  for 
Compton  scattering.  This  choice  is  based  on  the 
wavelength  proportional  increase  of  laser  photon  flux  per 
joule  of  the  laser  energy,  the  average  power  scalability, 
high  wall-plug  efficiency,  and  a  capability  to  the  high- 
repetition  rate  operation.  In  general,  Compton  scattering 
with  CO2  laser  has  a  promise  to  become  a  compact,  high- 
intensity,  monochromatic,  femtosecond  x-ray  source  for  a 
variety  of  applications  beyond  the  polarized  positron 
source  [2]. 
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of  Optoel  Co.  (St.  Petersburg,  Russia)  who  designed  the  Compton 
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2  EXPERIMENTAL  SETUP 

We  have  developed  a  laser-Compton  scattering  chamber 
for  the  proof-of-principle  experiment,  in  which  counter- 
propagating  electron  and  C02  laser  pulses  collide  at  the 
focal  point.  Fig.  1  shows  the  conceptual  drawing  of  the 
Compton  chamber  to  be  installed  in  the  linac  beamline  of 
the  Accelerator  Test  Facility  at  Brookhaven  National 
Laboratory.  Picosecond  C02  laser  beam  is  introduced 
through  the  side  window  and  focused  by  an  off-axis 
parabolic  Cu  mirror  of  the  50  mm  diameter  with  the  focal 
length  of  15  cm.  The  Cu  mirror  has  5  mm  diameter  hole 
along  the  electron  beam  axis  to  let  electrons  pass  through. 
An  axicon  telescope  is  placed  on  the  C02  beam  axis  just 
before  the  Compton  chamber.  This  telescope  serves  to 
modify  the  Gaussian  spatial  profile  of  the  incident  laser 
beam  into  the  "donuf'-shaped  profile,  as  is  shown  in  Fig. 
2-(a).  This  allows  the  laser  radiation  to  bypass  the  hole  in 
the  focusing  parabolic  mirror.  Fig.  2-(b)  represents  a 
numerically  calculated  C02  beam  profile  at  the  focal 
point.  The  estimated  beam  waist  size  is  about  100  pm 
(FWHM),  that  corresponds  to  the  electron  beam  size  at 
the  colliding  point.  Diverging  after  the  focal  point  the 
spent  laser  beam  is  recollimated  by  another  parabolic  Cu 
mirror  and  is  extracted  from  the  chamber  through  the 
output  window. 

The  diagram  of  the  experimental  setup  is  shown  in 
Fig.  3.  Picosecond  YAG  laser  pulses  are  split  and 
delivered  to  the  photo-cathode  of  the  RF  gun  and  for  the 
C02  pulse  slicing  to  the  180  ps  FWHM  by  the  optical 
semiconductor  optical  switching  method.  The  sliced  C02 
pulses  are  amplified  up  to  6  GW  by  the  high-pressure  TE 
C02  regenerative  laser  amplifier  [3]. 

Electron  bunches  with  the  charge  of  about  0.5  nC  are 
generated  by  a  photo-cathode  RF  gun.  They  are 
accelerated  up  to  50  MeV  in  the  RF  linac  and  focused  by 
quadrupole  magnets  at  the  center  of  the  chamber. 

Since  the  same  mode-locked  YAG  laser  controls  both 
processes  of  the  C02  pulse  slicing  and  photo-cathode 
illumination,  the  timing  jitter  between  the  C02  laser  and 
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Fig.  1  Top  view  of  the  Compton  chamber 
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Fig.  2-(a)  C02  beam  profile 
at  the  entrance  window 

electron  bunches  is  negligible  to  compare  with  the  pulse 
duration. 

For  fine  alignment  of  the  laser  and  electron  beams  at 
the  colliding  point  and  the  observation  of  their  spatial 
profiles,  we  use  a  target  composed  of  the  vanadium  oxide 
thin  film  coated  on  a  mica  substrate.  This  coating  is 
sensitive  to  both  electron  and  mid-infrared  beams.  In  the 
preliminary  test  with  a  focused  picosecond  C02  laser 
pulse,  beam  profile  image  was  clearly  visible  as  about  100 
pm  wide  blackened  spot.  The  image  capture  for  the  mid- 
infrared  beam  is  physically  based  on  the  film  reflectivity 
change  in  the  visible  region  due  to  the  phase  transition  in 
the  oxidized  vanadium  crystal  structure  heated  by  the 
laser  beam.  Since  the  reflectivity  shows  hysteresis  nature 
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[mm] 

Fig.  2-(b)  C02  beam  profile 
at  the  focal  point 

in  the  response  to  the  temperature,  the  laser  spot  image 
can  be  "grabbed"  by  maintaining  the  target  temperature 
around  55°C. 

Upon  interaction  of  the  0.5  J  laser  pulse  with  the  0.5 
nC  electron  bunch,  we  expect  to  observe  up  to  107  of  the 
Compton  scattered  x-ray  photons  with  the  maximum 
energy  of  4.7  keV  and  the  angular  divergence  of  10  mrad. 
The  x-ray  pulse  width  will  be  10  ps,  which  is 
approximately  the  same  as  the  electron  bunch  length.  The 
scattered  x-rays  will  be  detected  by  a  silicon  photodiode 
placed  behind  the  Be  window  downstream  of  the  dipole 
magnet  that  serves  to  separate  electron  and  x-ray  beams. 
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3  SUMMARY 

The  experiment  to  observe  high-brightness  x-ray 
generation  using  Compton  scattering  of  the  relativistic 
electron  beam  with  the  picosecond  C02  laser  is  scheduled 
at  the  BNL  Accelerator  Test  Facility. 

The  laser  pulse  to  be  applied  to  this  experiment  has 
about  6  GW  peak  power  and  the  180  ps  pulse  width, 
which  is  longer  than  the  laser  waist  length  at  the 


interaction  region.  In  order  to  decrease  the  laser  pulse 
length,  multi-step  pulse  slicing  system  will  be  assembled 
and  applied  in  the  future  experiments.  In  addition,  10-atm 
TE  C02  power  amplifier  is  planned  to  be  installed  to 
increase  the  laser  peak  power  up  to  the  1  TW  level. 
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Abstract 

We  have  designed  a  family  of  new  Continuous  Wave 
LJNear  Accelerators  for  electron-based  industrial, 
medical,  and  environmental  irradiation  applications. 
Our  ten  reliable,  small,  inexpensive  high-power 
modular  accelerators  will  produce  beams  with 
energies  from  0.6  to  6.0  MeV  in  increments  of  600 
keV,  each  with  a  current  selectable  from  0  to  50  mA. 
We  have  constructed  the  critical  gun-lst  section  model, 
which  has  undergone  the  first  beam  test.  We  have 
achieved  beam  parameters  of  600  keV,  10  mA,  and  6 
kW  and  we  have  demonstrated  all  the  innovations  of 
our  initial  design  [1]. 

1  INTRODUCTION 

Particle  accelerators  with  increasing  beam  power  are 
being  required  for  large-scale  industrial  production 
lines,  as  well  as  for  the  destruction  of  biological  and 
chemical  waste.  Although  direct  current  machines 
produce  adequate  beams  of  ~1  MeV,  raising  the  beam 
energy  significantly  increases  their  size,  weight,  and 
cost.  Thus,  we  are  constructing  a  family  of  ten 
accelerators  to  produce  electrons  with  energies  from 
0.6  to  6  MeV  in  increments  of  600  keV  with 
corresponding  beam  power  from  30  to  300  kW.  Only 
our  1st  accelerating  section  is  a  non-standard  section 
since  it  must  accelerate  15  keV  gun  electrons  to  a 
relativistic  energy  of  600  keV.  Subsequent  identical 
sections  will  each  increase  the  beam  energy  by  600 
keV. 


Figure  1:  Gun- 1st  section  LINAC  schematic 

Having  completed  the  design  of  our  accelerator 
family,  we  are  commissioning  a  prototype  gun-lst 
section  model  which  uses  a:  (1)  Low-energy  15  keV 
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thermionic  electron  gun  joined  directly  to  the  first 
Accelerating  Structure  cell;  (2)  High  capture 
efficiency  for  low-energy  gun  electrons  AS;  (3)  Simple 
reliable  Radio  Frequency  power  supply  system;  and 
(4)  Common  gun-klystron  power  supply.  Our  LINAC 
is  shown  in  Fig.  1  and  its  principal  parameters  are 
listed  in  Table  1. 


Table  1:  Gun-lsl  section  parameters 


Output  beam  energy 

0.6  MeV 

Beam  current 

0  to  50  mA 

Maximum  beam  power 

30  kW 

Length 

1.2  m 

Weight 

-70  kg 

Gun/klystron  high 

15  kV 

voltage 

Plug  power  consumption 

-75  kW 

Electric  efficiency 

-40% 

2  ELECTRON  GUN 


Since  we  have  used  a  common  power  supply  for  the 
gun  and  the  klystron,  our  electron  gun  beam  energy  is 
15  keV.  To  make  our  accelerators  compact,  we 
eliminated  the  traditional  bunching  system,  drift 
space,  and  focusing  elements  and  mount  the  gun 
directly  to  the  AS.  The  gun  currents  are  selectable 
from  0  to  250  mA  with  100  mA  being  the  nominal 
operating  current.  The  gun  beam  radii  are  less  than 
2.5  mm  with  crossovers  at  greater  than  50  mm  from 
the  cathode  so  that  the  beam  is  convergent  in  the  first 
AS  cell. 


Figure  2:  Gun  schematic  with  beam  trajectories  [2] 

We  satisfied  these  requirements  with  a  three-anode 
gun,  shown  in  Fig.  2,  that  has  a  8.6  mm  diameter 
spherically  concave  cathode.  The  Focusing  Electrode 
is  at  the  cathode  potential  while  the  two  intermediate 
anodes  are  held  at  Ual  and  Ua2  and  the  main  anode, 


0-7803-5573-3/99/$  1 0.00  @  1999  IEEE. 


2555 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


located  at  the  gun  exit,  is  held  at  Ua  =  15  kV.  The 
intermediate  anode  potentials  are  defined  by  Ual  = 
kl.75  kV  and  Ua2  =  k-Ua,  where  the  coefficient,  0  <  k 
<  1,  provides  current  regulation  from  zero  (k  =  0)  to 
250  mA  (k  =  1).  Once  manufactured,  we  tested  our 
gun,  as  seen  in  Fig.  3,  with  currents  up  to  50  mA 
before  installing  it  on  the  AS. 


Figure  3:  Gun  at  the  test  stand 


The  AS  transverse  and  longitudinal  output  beam 
phase  spaces  are  shown  in  Fig.  5  and  the  output  beam 
parameters  are  given  in  Table  2. 


Figure  5:  AS  output  phase  space:  (a)  transverse  and 
(b)  longitudinal 


4  ACCELERATING  STRUCTURE 


3  BEAM  DYNAMICS 


The  Is1  AS  has  14  cells  with  p  from  0.237  to  0.888. 
Injecting  a  15  keV  direct  current  gun  beam  into  the 
initial  AS  cells,  which  must  then  form  bunches  with 
energy  up  to  -75  keV,  places  large  demands  on  the 
beam  dynamics.  We  designed  the  subsequent  p>0.5 
cells  by  roughly  scaling  the  cells  with  yS=l.  We 
calculated  the  beam  dynamics  [3]  principally  to 
optimize  the  longitudinal  and  transverse  beam  motion 
in  the  first  AS  cells  and  then  to  further  optimize  the 
entire  AS  beam  dynamics  using  “real”  electron  gun 
beam  parameters  and  space  charge  effects. 


(a)  (b) 

Figure  4:  Second  AS  cell  center  phase  space:  (a) 
transverse  and  (b)  longitudinal 


We  must  provide  high  capture  efficiency,  Iou/Igun, 
in  the  initial  AS  cell  that  is  acting  as  a  pre-buncher. 
To  accomplish  this  we  must  provide  the  maximum 
bunching  parameter  (i.e.,  the  maximum  first  current 
harmonic)  at  the  second  cell  (the  first  accelerating 
cell)  center.  The  transverse  and  longitudinal  beam 
phase  spaces  at  the  2nd  cell  center,  shown  in  Fig.  4, 
confirm  the  pre-buncher  cell  effectiveness  by  the 
tightness  of  the  longitudinal  phase  space. 


T able  2:  Gun-lsl  section  beam  parameters 


Igun 

100  mA 

lout 

51  mA 

<wbeam> 

610  keV 

A  Wteam 

±  20  keV 

A^Pbeam 

-50  deg 

Norm,  (e*) 

27.5  mm  x  mrad 

Norm,  (ty) 

28.3  mm  x  mrad 

Initially  we  separately  optimized  the  three  low  P  cells 
and  then  the  higher  ft  cells.  The  pre-buncher  cell  has 
1/9  the  on-axis  field  amplitude  of  the  first  accelerating 
cell.  We  used  the  preliminary  beam  dynamics  results 
to  calculate  the  first  two  cells,  shown  in  Fig.  6,  whose 
gap  lengths  and  distances  were  unchanged  in  the 
optimization. 


Figure  6:  Pre-buncher  and  first  accelerating  cell 
geometry 

We  obtained  the  required  on-axis  AS  field 
amplitude  ratio  with  a  56°  pre-buncher  cell  coupling 
slot  and  a  24°  first  accelerating  cell  coupling  slot. 
After  optimizing  the  coupling  slot  size  and  position 
and  cell  radii,  we  tuned  the  frequency  and  field  ratio 
of  the  first  two  accelerating  cells  by  scaling  the  pre- 
buncher,  first  coupling  cell,  and  first  accelerating  cell 
dimensions.  We  then  varied  the  second  accelerating 
cell  radius.  Figure  7(a)  shows  the  initial  three  AS  cells 
in  a  mesh  representation,  while  Fig.  7(b)  shows  the  on- 
axis  longitudinal  electric  field  distribution. 


Next  we  optimized  and  tuned  a  /?=  1  cell  to  obtain 
a  5%  coupling  and  an  88  MQ/m  effective  shunt 
impedance.  RF  losses  to  the  structure  wall  were  -1.070 
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kW  per  cell  for  a  1  MeV/m  accelerating  gradient.  We 
placed  the  coupling  slots  far  off-axis  to  avoid 
overheating  the  cell  noses  and  our  large  slots  were 
beneficial  when  we  pumped  the  structure.  The 
accelerating  cell  coupling  slot  orientation  was  chosen 
to  compensate  for  focusing  in  the  adjacent 
accelerating  and  coupling  cells.  The  coupling  cells  slot 
orientation  was  rotated  by  90°  relative  to  the 
accelerating  cells.  Finally,  we  manufactured,  tuned, 
and  brazed  the  AS  and  measured  the  on-axis  fs2-field 
distribution,  seen  in  Fig.  8,  which  agrees  fairly  well 
with  our  calculations. 


Figure  8:  Measured  on-axis  longitudinal  field 

5  RADIO  FREQUENCY  SYSTEM 

Our  simple  reliable  RF  system,  seen  in  Fig.  9,  uses 
self-excitation  in  a  positive  klystron-section  feedback 
loop  whose  reliability  we  demonstrated  experimentally 
with  our  previous  prototype  accelerator  [1], 


Figure  9:  RF  system  schematic 

We  used  a  50  kW  CW  klystron  (K)  to  drive  the  AS. 
Some  15  kW  of  the  klystron  power  is  dissipated  in  the 
structure  walls  providing  the  accelerating  field  and, 
depending  on  beam  current,  up  to  30  kW  goes  into  the 
beam.  When  operating  in  the  self-excited  mode,  the 
system  oscillates  at  the  structure  resonant  frequency, 
which  the  klystron  frequency  automatically  follows.  A 
RF  probe  provides  the  structure  signal  that  passes 
through  the  electrically  driven  coaxial  phase-shifter 
(<p)  and  p-i-n-attenuator  (A),  and  then  enters  the 
klystron.  The  self-excitation  phase  conditions  are 
chosen  by  the  phase-shifter  while  the  feedback  p-i-n 
attenuator  regulates  the  klystron  output  power  and, 
consequently,  the  accelerating  field  amplitude.  This 
amplitude  is  controlled  by  a  diode  (D)  whose  signal  is 
used  by  the  amplitude  stabilization  system  that 
controls  the  p-i-n  attenuator  current.  Thus  our 


accelerating  field  amplitude  is  stable  to  -0.001,  which 
is  essential  for  our  high  beam  loading. 

We  eliminated  the  traditional  circulator  by 
coupling  the  klystron  directly  to  the  AS  and  by 
operating  in  the  self-excited  mode.  We  tuned  the 
system  by  determining  the  klystron  body  current 
dependence  on  the  connecting  wave-guide  phase 
length.  With  the  minimum  body  current,  we  found  the 
length  that  minimizes  the  reflected  RF  power 
influence  on  the  output  klystron  cavity.  Thus,  with  no 
circulator,  we  reduced  the  accelerator  size,  weight, 
and  cost.  Our  high  power  AS  test  set-up,  seen  in  Fig. 
10  with  its  circulator-less  klystron  system,  operated 
stably  for  several  hundred  hours  without  component 
failures. 


Figure  10:  High-power  AS  tests 

6  CONCLUSION 

We  have  constructed  the  simplest  of  our  new  family  of 
industrial  CW  LINACs,  thereby  validating  our  long 
held  design  ideas.  In  the  first  beam  tests,  our  single 
section  model  has  provided  a  600  keV,  10  mA,  6  kW 
electron  beam  at  a  20  mA  gun  current,  thus 
demonstrating  a  design  50%  capture  efficiency  and 
beam  energy.  The  accelerator  tests  are  now  in 
progress.  Increasing  the  beam  current  to  50  mA  will 
require  thorough  electron  gun  training  and 
modification  of  the  Faraday  Cup  and  vacuum  system 
to  improve  the  vacuum  conditions  in  the  accelerator. 
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Abstract 

The  application  fields  of  intense  gamma-ray  or  X-ray  for 
industrial  purpose  are  expanding.  Electron  beam 
accelerator  which  can  generate  X-ray  whose  dose  rate  is 
equivalent  to  the  effect  of  several  MCi  gamma-ray  source 
is  a  major  candidate  as  a  intense  X-ray  source.  10  MeV, 
100  kW  CW  electron  accelerator  Fantron-I  is 
conceptually  designed  for  X-ray  source  to  irradiate  food, 
com,  forest  products  and  so  on.  Electrons  are  accelerated 
seventeen  times  through  two  coaxial  cavities  with  TM010 
mode  by  means  of  bending  magnet  located  outside  the 
cavity.  The  resonant  frequency  of  the  cavity  is  about  160 
MHz  and  the  phase  of  one  cavity  is  180°  shifted  from  that 
of  the  other.  Higher  order  modes  (HOM)  which  may 
cause  beam  instability  are  analyzed.  The  design 
parameters  of  beam  lines  and  bending  magnets  are 
determined  from  the  results  of  beam  phase  analysis, 
especially  magnetic  flux  density  and  location  of  each 
bending  magnet  are  carefully  adjusted  to  synchronize  the 
beam  with  the  accelerating  field.  In  this  paper, 
characteristics  and  overall  conceptual  design  of  the 
Fantron-I  are  presented. 

1  INTRODUCTION 

There  are  efforts  to  reduce  the  chemical  antiseptics  which 
are  harmful  to  both  human  beings  and  environments.  One 
of  the  examples  is  the  Montreal  Protocol  which  decided 
to  reduce  the  methyl  bromide  consumption,  and  there  are 
strong  needs  of  substitutions  for  chemical  treatments.  The 
gamma-ray  or  X-ray  are  considered  to  satisfy  the  above 
needs  and  electron  beam  accelerator  is  a  major  candidate 
as  a  intense  X-ray  source.  10  MeV,  100  kW  CW  electron 
accelerator  Fantron-I  is  proposed  and  being  conceptually 
designed.  Fantron-I  uses  a  TM010  mode  in  coaxial  cavity 
as  an  accelerating  mode  and  electrons  are  accelerated 
several  times  through  the  coaxial  plane  where  the  electric 
field  has  its  maximum  value.  The  operation  principle  is 
illustrated  in  Figure  1  which  shows  a  two  cavity 
accelerating  mode.  The  designed  resonance  frequency  is 
160  MHz  and  tetrode  is  considered  as  a  RF  source.  In  fact, 
the  concept  of  accelerating  electrons  several  times  using 
one  or  two  cavities  is  not  new  one.[l]  But  Fantron-I  has 
unioue  features  such  as  using  TM010  mode,  having  no 
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beam  crossing  point.  Furthermore,  it  uses  a  radially 
focused  uniform  X-ray  irradiator.[2] 


Figure  1 .  Operating  principle  of  Fantron-I 


2  CHARACTERISTICS  OF  FANTRON-I 


2.1  Coaxial  Cavity 

In  general,  the  shunt  impedance  in  coaxial  cavity  TM010 
mode  decreases  as  outer  conductor  radius  R2  or 
resonance  frequency  increase.  If  the  R2  is  fixed,  the 
available  minimum  resonance  frequency  is  determined 
from  the  realistically  allowable  size  of  inner  conductor 
radius  Rl.  As  for  a  cavity  length  h,  the  shunt  impedance 
increases  at  first  and  has  its  maximum  value  then 
decreases  as  h  increase  due  to  the  combined  effects  of 
effective  accelerating  voltage  and  power  dissipation.  The 
general  dependence  of  shunt  impedance  on  cavity  length 
is  shown  in  Figure  2 


Figure  2.  Shunt  impedance  vs.  cavity  length 
(f :  160  MHz,  Rl  :  0.298  m,  R2  :  1.214  m) 
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2.2  Design  Guideline 

There  are  two  conflicting  aspects  in  cavity  design.  The 
required  RF  power  is  proportional  to  the  square  of  the 
electric  field  intensity.  As  the  electric  field  intensity 
decreases  and  the  cavity  crossing  number  increases,  the 
required  RF  power  can  be  lowered.  This  means  that 
increasing  the  crossing  number  is  advantageous  in  the 
respect  of  RF  power  efficiency.  But  as  the  crossing 
number  increases,  the  gyroradius  decreases  at  a  fixed 
cavity  size,  which  requires  more  magnetic  flux  density. 
Therefore  the  crossing  number  is  restricted  by  the 
realistically  available  magnetomotive  force  in  other 
words  bending  magnet  power  supply  cost.  After 
compromise  between  two  conflicting  aspects,  about  200 
kW  RF  power  and  0.25  T  magnetic  flux  density  are 
selected  as  a  guideline. 

2.3  Acceleration  Scheme 

There  can  be  several  acceleration  schemes.  Using  of  one 
cavity  needs  many  crossing  numbers  which  require  far 
above  the  value  of  the  magnetic  flux  density  given  in 
section  2.2.  Using  two  cavities  can  reduce  the  crossing 
number  in  the  penalty  of  reduced  effective  accelerating 
voltage  at  the  same  input  RF  power.  The  crossing  number 
can  be  further  reduced  as  the  cavity  length  increases 
above  the  values  limited  by  the  0.5  X  synchronization 
condition.  This  scheme  can  be  accomplished  if  the  total 
length  of  cavity  and  bending  section  is  equal  to  1.5  X 
and  length  of  cavity  and  inter-cavity  beam  line  is  equal 
to  0.5  X. 

3  FANTRON-I  PARAMETERS 

3.1  Cavity 

The  1.5  X  +  0.5  X  acceleration  scheme  is  chosen  because 
the  crossing  number  can  be  further  reduced  in  the  penalty 
of  accelerator  size.  The  upper  limit  of  the  cavity  length  in 
this  scheme  is  restricted  by  the  available  initial  phase 
angle  range  of  the  electron  beam  because  with  large 
cavity  length,  the  low  energy  electrons  can  not  cross  the 
cavity  during  the  effective  acceleration  time  interval  and 
will  be  lost.  The  range  of  the  available  initial  phase  angle 
is  chosen  to  be  about  30°  which  results  in  10  mA  average 
current  with  200  mA  peak  current. 

3.2  Beam  Line  and  Bending  Magnet 

The  equation  of  motion  of  electrons  in  electromagnetic 
field  is  solved  numerically  using  fourth  order  Runge- 
Kutta  method  to  determine  the  cavity  length,  beam  line 
length  and  magnetic  flux  density  of  the  bending  magnet. 
Once  the  cavity  length  is  determined  from  the 
requirement  of  section  3.1,  initial  reference  phase  angle 
should  be  selected  to  determine  the  other  parameters 
which  are  optimized  to  the  electrons  with  the  initial 
reference  phase  angle.  Initial  reference  phase  angle  is 


selected  to  be  -10°  because  the  deviations  from  reference 
gyroradius  are  less  than  5  mm  in  all  the  available  initial 
phase  range.  The  results  are  shown  Figure  3.,  4.  and 
5.(f=159.31  MHz,  Rl=0.3  m,  R2=1.22  m,  h=0.7  m  case) 
The  electrons  which  have  an  initial  phase  angle  range 
greater  than  30°  can  reach  the  final  beam  energy  above 
10  MeV  as  can  be  seen  in  Figure  3,  but  in  these  range, 
electrons  with  phase  angle  of  -5°~  -35°  are  within  the  first 
gyroradius  deviation  limit.  In  Figure  4,  the  reference 
electron  is  injected  into  each  cavity  at  a  fixed  phase  angle 
taking  into  account  the  stability  condition  except  first  and 
second  injection.  The  optimized  beam  line  length  and 
magnetic  flux  density  of  the  bending  magnet  are  shown  in 
Figure  5.  The  inter-cavity  beam  line  length  and  straight 
beam  line  section  of  the  bending  parts  are  24  cm,  86  cm 
respectively.  The  maximum  magnetic  flux  density  is 
0.269  T. 


Figure  3.  Initial  injection  angle  vs  final  beam  energy 


Figure  4.  Entering  phase  angle  at  each  cavity 
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3.3  Fantron-I  Parameters 

The  parameters  are  listed  in  Table  1 . 

Table  1.  Fantron-I  cavity  parameters 


Resonance  frequency  159.31  MHz 

Inner  conductor  radius  R1  0.3  m 

Outer  conductor  radius  R2  1 .22  m 

Cavity  length  0.7  m 

Shunt  impedance  2.39  M£2 

Quality  factor  51000 

Number  of  Cavities  2 

Acceleration  scheme  1.5  X  +  0.5  X, 

Total  length  including  deflection  region  3.6  m 
Required  RF  power  220  kW 

Maximum  magnetic  flux  density  0.269  T 

Number  of  bending  magnets  1 6ea. 


4  HIGHER  ORDER  MODES 

4.1  Monopole  Modes 

In  general  cylindrical  cavity,  only  longitudinal  beam 
coupling  impedance  exists  in  monopole  modes  because 
the  electric  field  intensity  from  all  the  monopole  modes 
have  its  extremum  at  the  beam  crossing  axis  (usually 
center  axis  of  the  cavity).  But  the  electric  field  of  higher 
order  mode  has  not  extremum  at  the  beam  crossing  axis 
in  Fantron-I  cavity,  so  transverse  beam  coupling 
impedance  exists  inevitably.  The  transverse  coupling 
impedance  can  be  derived  from  Panofsky-Wenzel 
theorem.[3]  The  longitudinal  and  transverse  shunt 
impedances  are  shown  in  Figure  6. 


Figure  6.  Longitudinal  and  transverse  shunt  impedances 
(monopole  mode) 


transverse  shunt  impedance  is  shown  in  Figure  7.  In  the 
Figure  7,  TM120  or  TM121  modes  have  a  higher  shunt 
impedance  than  TM110  mode  because  at  the  beam 
crossing  radius,  TM110  mode  has  nearly  its  electric  field 
intensity  extremum  but  TM120  or  TM121  modes  have 
nearly  magnet  field  intensity  maximum. 


TM120.  TM121 


Frequency  (MHz) 

Figure  7.  Transverse  shunt  impedance  (dipole  mode) 

5  CONCLUSIONS  AND  FURTHER  WORK 

The  design  study  on  10  MeV,  100  kW  CW  electron 
accelerator  Fantron-I  is  presented.  According  to  the 
characteristics  of  the  Fantron-I,  some  compromises 
between  required  RF  power  and  magnetic  flux  denstiy  of 
the  bending  magnet  should  be  done.  Basic  parameters 
were  derived  and  cavity  HOMs  were  calculated.  In  the 
future,  focusing  elements  should  be  added.  The  beam 
instabiliy  caused  by  HOMs  should  be  analyzed  and 
damper  may  be  added  if  necessary. 
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4.2  Dipole  Modes 

In  Fantron-I  cavity,  the  dipole  mode  can  be  generated  if 
the  center  of  the  average  beam  crossing  radius  is  shifted 
from  the  cavity  center.  Some  assumptions  are  made  to 
simplify  the  problem.  In  the  simplified  model,  the  beam 
is  assumed  to  be  shifted  Ar  in  radial  direction  at  two 
points  which  is  separated  180°  from  each  other.  The 
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Abstract 

The  10  MeV,  100  kW  CW  electron  accelerator 
(FANTRON  I)  is  being  developed  in  Department  of 
Nuclear  Engineering,  Seoul  National  University  (SNU) 
[1].  The  X-ray  generated  by  the  accelerated  electron 
beam  will  be  used  in  sterilizing  the  agricultural,  forest 
and  aquatic  products.  For  the  effective  irradiation  and 
the  safety  of  the  irradiated  products,  the  uniform 
irradiation  is  needed.  The  designed  target  is  mainly 
featured  by  the  radially  focused  uniform  X-ray.  The 
diameter  of  irradiation  hole  is  0.75  m.  And  the  generated 
X-ray  is  emitted  toward  the  center  of  the  irradiation  hole 
with  uniform  distribution  along  the  circumference.  To 
generate  the  radially  focused  uniform  X-ray,  the 
accelerated  electron  beam  must  be  focused  radially  on 
the  target  that  is  the  outer  shell  of  the  irradiation  hole 
with  high  uniformity.  Additionally  the  electron  beam 
must  be  injected  in  the  normal  direction  on  the  surface 
of  target  because  the  intensity  of  electron  incident 
direction  is  dominant  in  the  angular  distribution  of 
bremsstrahlung  intensity  of  the  electrons,  which  are 
accelerated  up  to  10  MeV.  The  basic  principle  of 
targetary  is  deflecting  electron  beam  with  proper 
magnetic  field  configuration.  To  find  such  configuration 
a  series  of  numerical  analyses  are  performed.  This  paper 
includes  the  requirements  and  design  results  of  the 
radially  focused  uniform  X-ray  source. 

I  INTRODUCTION 

The  uniform  irradiation  is  needed  to  guarantee  the  safety 
of  the  irradiated  products  and  the  irradiation 
performance.  Several  methods  are  suggested  to  increase 
the  radiation  dose  uniformity  [2],  The  radially  focused 
uniform  X-ray  source  is  composed  of  scanning  magnet, 
field  shaping  system  and  cylindrical  irradiation  hole.  Fig. 
1  shows  the  layout  of  target  system.  The  10  MeV 
electron  beam  scanned  to  proper  angle  is  deflected  along 
the  optimized  trajectories  during  passing  the  field 
shaping  system  and  then  collide  against  the  target  in  the 
normal  direction  with  azimuthally  uniform  distribution. 
The  design  process  comprises  three  stages. 

•  Optimization  of  the  electron  trajectory 

•  Calculation  of  the  magnetic  field  distribution 

•  Optimization  of  the  magnet  pole  profile 

The  target  system  with  0.75  m-diameter  irradiation  hole 


’  Email:  hessee@paragon.snu.ac.kr 


Figure  1.  Layout  of  Target  System 

is  designed  to  establish  and  verify  the  design  procedure. 

2  ELECTRON  TRAJECTORY 
OPTIMIZATION 

The  deflected  electron  beam  with  proper  angle  after 
passing  the  scanning  magnet  should  follow  the  trajectory 
along  which  they  collide  against  the  target  in  the  normal 
direction.  The  Hermite  curve,  which  is  a  kind  of 
parametric  cubic  curve,  is  suggested  as  the  electron 
trajectory.  The  Hermite  curve  is  generated  on  the  base  of 
four  control  vectors  composed  of  two  location  vectors 
and  two  tangent  vectors  [3].  The  principle  of  curve 
generation  is  described  in  Eq.  (1)  and  Fig.  2. 

Q(t)  =  (2f3  -3f2  +1  )/>  +(3 f2  -2 t3)P, 

+  (r3  -2t2  +i)r,  +(t3  -t2)Rt  (0^r<l) 

During  the  optimization,  the  magnetic  field  gradients 
corresponding  to  each  trajectory  are  minimized  and 
inflection  point  where  the  concavity  of  the  curve 
changes  is  avoided.  The  optimized  electron  trajectories 
are  shown  in  Fig.  3. 


Figure  2.  The  Principle  of  Hermite  Curve  Generation 
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3  MAGNETIC  FIELD  DISTRIBUTION 

Magnetic  field  distribution  is  determined  such  that 
electron  beam  may  be  deflected  along  the  optimized 
trajectory.  The  relativistic  equation  of  motion  is  used  in 
calculating  the  field  distribution.  Fig.  4  shows  the 
magnetic  field  distribution. 

4  MAGNET  POLE  PROFILE 
OPTIMIZATION 

Magnet  pole  profile  design  is  intrinsically  the  nonlinear 
reverse  magnetostatic  problem.  The  main  approaches  are 
classified  into  two  cases,  which  are  the  numerical 
analyses  of  Poisson's  equation  with  iteration  processes 
and  the  analytic  approaches.  For  linear  problem,  in  the 
case  that  the  magnetic  field  strength  is  so  low  that  the 
saturation  effects  of  iron  core  do  not  have  any  effect  on 
field  distribution,  several  kinds  of  analytic  solutions  are 
suggested  [4], 

Concerning  the  result  of  calculated  magnetic  field 
distribution,  the  maximum  field  strength  is  below  about 
0.05  Ts.  So  the  analytic  methods  are  adopted  for  magnet 
pole  profile  design.  Three  kinds  of  analytic  methods  are 
performed. 

•  Finite  difference  method 

•  Boundary  integral  method 

•  Downward  continuation  method 


4.1  Finite  Difference  Method 


Magnetostatic  problem,  in  the  case  that  the  source  free 
and  isotropic  region  is  considered,  is  solved  using 
magnetic  scalar  potential  in  the  similar  way  to 
electrostatic  case.  For  the  linear  problem,  the  pole 
surface  coincides  with  equipotential  surface  [4],  The 
Laplace  equation  and  boundary  condition  are  used  in 
finding  the  equipotential  surface. 


02O  d2®  d2<D 

5x2  +  ay2  +  dz2 


=  0 


(2) 


53) 

- =  Bz  (x,  y)  ,  on  the  midplane(z  =  0)  (3) 

dz 

O  :  magnetic  scalar  potential 
The  equipotential  surface  obtained  from  equation  (2)  and 
(3)  with  proper  boundary  conditions  is  shown  in  Fig.  5. 


Figure  4.  The  Magnetic  Field  Distribution  on  the 
midplane  of  the  Magnet 


Figure  5.  The  Equipotential  Surface  Calculated  using 
Finite  Difference  method 

4.2  Boundary  Integral  Method 

The  boundary  integral  method  is  the  approach  that  the 
set  of  points  Q(l,  m,  z(l,  m))  can  be  determined  so  that 
the  performance  criterion  function  F  may  be  minimized 
[5].  The  magnetic  field  distribution  at  points  P(i,  j,  0)  is 
determined  by  the  set  of  points  0(7,  m,  z(l,m))  as  shown 
in  Fig.  6.  And  the  performance  criterion  function  is  : 


II 


B(i,j,Q)-B0(i,j,Q) 

Boi'J’  0) 


(4) 


( B(i,j,0)  :  calculated  field,  BJi,j,0) :  reference  field  ) 
The  calculated  pole  profile  is  shown  in  Fig.  7. 
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Figure  7.  The  Magnet  Pole  Profile  Obtained  using 
Boundary  Integral  Method 

4.3  Downward  Continuation  Method 

In  geophysics,  downward  continuation  method  is  usually 
used  in  estimating  the  shape  of  geomagnetic  source  from 
the  measured  magnetic  field  distribution  [6].  This 
approach  can  be  used  to  calculate  the  magnetic  potential 
distribution  toward  the  magnet  pole  from  the  midplane 
magnetic  field  distribution.  The  basic  principles  are 
Green's  third  identity  (5)  and  Fourier  transformation  (6). 
Green's  third  identity  : 


U(P)  :  harmonic  function  at  point  P 
n  :  normal  unit  vector  of  the  surface  S 
r  :  distance  from  point  P  to  any  point  on  S 
Fourier  transformation  :  (6) 

U(x,y,z  +  Az)  = 


F  '  F[U(x,y,z)]lF 


(x’+Z+Az2)” 


With  equation  (5)  and  (6)  the  potential  U  at  elevated 
position  is  obtained  from  the  midplane  potential.  The 
designed  magnet  pole  profile  is  shown  in  Fig.  8. 

There  are  some  intrinsic  drawbacks  in  using  this 
approach  [7],  [8], 

•  The  Fourier  transformation  is  done  in  discrete 
manner. 

•  The  analyzed  data  are  not  continuous  but  discrete 
(sampled). 

•  The  area  over  which  the  Fourier  transformation  is 
performed  is  finite. 


5  CONCLUSIONS  AND  FUTURE 
WORKS 

According  to  the  design  procedure,  the  trajectory  of 
electron  beam  is  optimized  using  Hermite  curve.  The 


magnetic  field  distribution  is  determined  such  that  it 
may  deflect  the  electrons  along  the  optimized  trajectory. 
The  magnet  pole  profile  is  designed  using  several 
analytic  approaches.  The  difference  in  designed  pole 
profiles  between  each  method  may  be  due  to  the 
difference  equipotential  levels  and  the  intrinsic 
drawbacks  of  each  method. 

For  the  future  works,  the  estimation  of  radiation  dose 
uniformity  and  loss  fraction  of  electron  beam  for  the 
each  pole  profile  using  the  3d  electron  trajectory  code 
are  being  done.  The  trim  process,  which  is  needed  for 
practical  three-dimensional  manufacturing,  will  be  done. 
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Abstract 

The  use  of  the  local  shielding  for  electron  accelerators 
considerably  extends  the  capabilities  of  its  application  for 
various  purposes,  because  they  can  operate  in  ordinary 
working  rooms.  So  there  is  no  need  to  construct  special 
buildings  with  cumbersome  shielding.  Since  the  cost  of 
local  shielding  depends  on  its  sizes,  the  compact 
accelerators  have  developed  in  the  MRTI. 

Three  accelerating  installations  are  presented  in  the 
report:  8  MeV  installation  for  custom  inspection  of  large 
cargo  containers,  5  MeV  installation  for  sterilization  of 
medical  instruments,  infectious  waste,  conservation  food 
etc.,  and  200  keV  installation  for  industrial  techniques. 

1  INTRODUCTION 

The  electron  accelerators  are  widely  used  in  industry  and 
medicine.  However,  radiation  danger  appears  in  its 
operation.  It  requires  application  of  biological  radiation 
shielding.  Two  versions  of  radiation  shielding  are 
possible:  local  shielding,  i.e.  location  of  accelerators  and 
basic  technical  equipment  into  the  special  container 
opaque  to  radiation  arising  in  accelerator  operation,  or 
construction  of  a  special  room  with  shielded  walls.  The 
application  of  local  shielding  in  many  cases  appears 
cheaper  than  construction  of  special  rooms  with  thick 
concrete  walls.  Besides  accelerating  installation  with 
local  shielding  appears  compact  and  can  be  transportable. 
As  a  rule,  the  local  shielding  until  recently  was  applied 
for  accelerating  installations  for  the  energy  up  to 
800  keV.  In  MRTI  the  installations  with  local  shielding 
for  the  energy  up  to  8  MeV  were  created. 

2  CUSTOM  INSPECTION  LINAC 

The  cost  of  biological  shielding  depends  on  the  sizes  of 
the  accelerator,  therefore  compact  linear  electron 
accelerators  (Fig.  1)  were  developed  [1],  Its  parameters 
are  listed  in  Table  1 . 

The  accelerating  structure  represents  a  set  of  coupled 
cavities  (Fig.  2)  nJ2  standing  wave  excited. 

Coupling  cells  located  on  axis  between  accelerating 
cells.  The  form  of  RF  field  in  accelerating  cavities 
provides  not  only  acceleration,  but  also  focussing  of  the 
beam.  It  allows  to  do  without  magnetic  solenoids  and  to 
reduce  the  transverse  sizes  of  the  accelerator.  Magnetrons 


MI-456  with  pulse  power  of  2,5  MW  and  mean  power  of 
4  kW  are  used  for  an  accelerating  field  excitation. 


Table  1.  Compact  electron  linac  parameters. 


1 .  Energy  of  accelerated  particles,  MeV 

5 

8 

2.  Number  of  accelerating  cells 

11 

17 

3.  Accelerator  length,  cm 

64 

99 

4.  Accelerator  diameter,  cm 

13 

5.  Operational  frequency,  MHz 

2797 

6.  Pulse  current,  A 

0,28 

0,12 

7.  RF  pulse  duration  T,  (is 

5,5-11 

8.  Pulse  duration  of  beam  current,  ps 

5  - 10,5 

9.  Repetition  rate,  Hz,  at  x  =  5,5  ps 

x  =  1 1  ps 

50-300 

50-150 

10.  Beam  diameter,  mm 

2 

11.  Mean  power,  kW 

2 

1,4 

12.  Power  consumption,  kW 

15 

Figure  1 :  8  MeV  compact  electron  linac. 

The  accelerator  with  energy  of  8  MeV  is  used  in  the 
installation  for  the  X-ray  control  of  auto  vans,  transport 
containers,  lorries  and  etc.  at  customs  inspection  of 
cargoes  (Fig.  3). 
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Figure  2:  Accelerating  structure 


8  MeV  accelerator  provides  depth  of  steel  X-raying  up  to 
340  mm,  i.e.  we  can  see  the  image  of  subjects  behind  a 
steel  barrier  34  cm  thick.  Productivity  of  installation  is  up 
to  15  auto  vans  per  hour.  The  application  of  accelerator 
with  local  shielding  decreases  many-fold  a  level  of 
radiation  in  operating  rooms.  It  allows  to  use  for 
installation  accommodation  the  modular  facilitated 
building  designs,  that  makes  civil  work  cheaper  and, 
basically,  enables  if  necessary  quickly  reinstall  it  on  a 
new  place. 


Figure  3:  Installation  for  customs  inspection  of  auto  vans. 

‘  1  -  accelerator;  2  -  converter,  3  -  local  shielding;  4  -  auto  vane 


3  ACCELERATOR  FOR  STERILIZATION 

The  accelerator  with  the  energy  of  5  MeV  is  applied  in 
the  installation  for  radiation  sterilization  of  medical 
instruments  and  medical  infection  wastes  in  clinics  and 
hospitals,  sterilization  of  medical  products  at  their 
production,  sterilization  of  foods  for  essential  increase  of 
its  storage  time,  and  also  suppression  of  microorganisms 
dangerous  for  human  health.  Installation  view  is  shown  in 
Fig.  4.  The  rotor  transporter  is  applied  in  this  case.  There 


Figure  4:  Installation  for  X-ray  sterilization. 

is  a  version  with  the  linear  transporter.  Productivity  of  the 
installation  is  up  to  200  kg  of  sterilized  materials  per 
hour.  A  design  of  shielding  completely  eliminates  a 
capability  of  emergencies  connected  with  radiation 
danger  that  allows  to  place  the  installation  in  any  working 


room.  The  installation  is  transportable,  since  its  weight 
does  not  exceed  20 1. 

4  INDUSTRIAL  ACCELERATOR 

Principe  of  local  shielding  was  used  for  design  of  small- 
scale  accelerator  with  the  energy  up  to  180  keV  [2], 
Installation  uses  accelerated  electron  beam  for  material 
processing,  for  surface  X-ray  sterilization  in  clinics  and 
for  other  purposes.  The  general  external  appearance  of 
this  installation  is  presented  in  Fig.  5. 

Electron  beam  is  generated  by  seal  off  electron  gun. 
Gun  is  energized  by  high-voltage  pulse  transformer. 

These  units  are  combined  in  unified  compact  design. 
Radiation  shielding  makes  it  possible  to  use  this 
installation  in  any  room.  Installation  parameters  are  listed 
in  Table  2. 


Table  2.  General  parameters  of  installations. 


Electron  energy  (regulated),  keV 

100  -  200 

Repetition  rate,  Hz 

200 

Max.  pulse  power  of  extracted  beam, 
kW 

300 

Irradiation  area,  mm 

200x100 

Max.  pulse  dose  rate  of  electron  beam, 
kGy/s 

5  104 

Power  consumed,  kW 

2 

Overall  dimensions  (w/o  computer),  m 

2x0.7x0.7 
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Figure  5:  Installation  for  material  processing  by  electron 
beam. 

Shielding  consists  of  two  envelopes.  The  first  (internal) 
shell  of  the  shielding  covers  the  electron  gun  and 
irradiation  zone.  The  second  (external)  one  covers  the 
electron  gun,  irradiation  zone  and  high-voltage 
transformer.  All  panels  are  3  mm  thick  steel  sheets  to 
which  5  mm  thick  lead  sheets  are  riveted,  the  rivets  being 
made  of  tin,  that  is  also  material  with  good  radiation 
attenuation. 
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Abstract 


Table  1:  General  parameters  of  the  installation 


The  installation  has  been  designed  for  processing  of 
articles  and  materials  with  the  electron  beam.  The  beam 
is  generated  by  the  sealed-off  electron  gun  of  unique 
design  and  is  extracted  to  the  irradiation  area  through 
thin  Ti  foil  with  20x10  cm2  area.  The  electron  energy  is 
up  to  200  keV,  pulse  beam  current  -  7  A.  The  processing 
is  performed  in  nitrogen.  Maximum  pulse  dose  rate  is 
5xl04  kGy/sec.  The  installation  has  compact  high- 
voltage  power  supply,  self-contained  water  cooling,  and 
handy  control  with  the  beam  parameters  regulation 
within  broad  ranges.  All  the  installation  except  the 
computer  is  packaged  in  one  case  with  2x0.7x0.7  m3 
dimensions.  The  installation  has  its  own  radiation 
shielding  and  is  safe  to  use:  the  radiation  dose  at  any 
place  outside  the  case  is  near  the  background  radiation 
level. 

1  INTRODUCTION 

The  installation  has  been  designed  for  processing  of  the 
articles  and  materials  with  electron  beams.  The 
installations  of  this  type  can  widely  be  used  in  research 
organisations  for  the  investigation  of  the  influence  of  the 
radiation  on  the  materials,  in  clinics  for  surface  radiating 
sterilisation,  and  also  for  other  purposes. 

Usually,  the  installations  for  radiation  technology  is 
based  on  electron  accelerators,  which  work  in  a 
continuous  current  mode  and  are  supplied  with  devices  of 
linear  scanning  of  the  beam.  We  have  the  task  to  design 
the  small,  convenient  accelerator  working  in  pulse  mode. 
The  posed  task  has  required  application  of  the  new 
approaches  and  original  scientific  and  technical 
solutions.  The  electron  beam  is  generated  by  the  sealed 
off  electron  gun,  which  is  supplied  by  the  high-voltage 
pulse  transformer,  and  they  both  presents  joined  compact 
device.  The  beam  is  distributed  on  all  area  of  exposure 
and  has  a  time  structure  of  short  intensive  pulses.  The 
installation  has  a  reliable  local  radiating  shielding,  it  is 
completely  ecologically  pure  and  can  be  maintained  in 
any  location.  General  parameters  are  shown  in  Table  1. 


“Work  supported  in  parts  by  the  MRTI  RAS,  BioSterile  Technology, 
Tukson  Inc,  Moscow 
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Electron  energy  (controlled) 

Max.  pulse  power  of  extracted  beam 
Irradiation  area 

Max.  dose  rate  of  electron  beam 
Max.  pulse  dose  rate  of  electron  beam 
Max.  radiation  dose  outside  the  case 
Max.  power  consumed 
Overall  dimensions  (w/o  computer) 
Overall  weight 


100-200  keV 
300  kW 
200x100  mm 
10  kGy/sec 
5xl04  kGy/sec 
0.2  mGy/hour 
2  kW 

2x0.7x0.7  m 
700  kg 


Figure  1 :  The  design  of  installation. 
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2  GENERAL  DESCRIPTION 

The  design  of  the  installation  is  shown  in  Fig.  1,  and  on 
the  photos  -  in  Fig.  2,3.  The  main  items  of  the 
equipment,  shown  in  Fig.  1,  designated  by  numbers  from 
1  to  6.  Item  1  -  case  for  equipment  siting. 

2. 1  Electron  gun 

Sealed  off  electronic  gun  with  heated  cathode  (item  2, 
Fig.  1)  realises  generation  and  extraction  of  the  wide 
electron  beams  to  the  atmosphere.  The  designed  gun  is 
compact  and  long-lived  tube,  does  not  require  a  system  of 
a  vacuum  evacuation,  has  small  time  of  preparation  to 
maintenance,  ensures  interchangeability  and  good 
reproducing  of  the  performances.  This  gun  has  a  modular 
construction,  which  allows  receiving  a  large  area  of 
exposure  by  arrangement  of  necessary  number  of  guns 
located  closely  one  to  other. 

2.2  High-voltage  transformer 

The  developed  construction  of  the  step-up  transformer 
(item  3,  Fig.  1)  and  its  connection  with  a  gun  allowed  to 
reach  the  main  purpose  -  creation  of  a  small-sized 
construction  with  a  good  reliability  of  working  on  high 
voltages.  Basic  engineering  solutions  -  modular 
construction  of  the  transformer;  high  factor  of 
transformation  to  reduce  primary  voltage;  direct  (without 
a  cable)  junction  with  a  gun. 


Figure  2:  The  installation  for  radiation  processing. 

The  transformer  contains  13  identical  modules,  which 
are  connected  in  series.  Each  module  contains  ring 


shaped  ferromagnetic  core,  insulating  rings  mounted  on 
the  core;  secondary  winding  wound  on  the  insulating 
rings;  insulating  separators  between  the  modules. 

The  ferromagnetic  cores  are  wound  from  a  thin  tape 
(amorphous  alloy).  Insulation  approximately  of  2 
microns  thickness  is  applied  between  the  layers  of  this 
tape.  A  thickness  of  the  amorphous  tape  -  20  microns, 
induction  of  saturation  - 1.4  T,  Br/Bs  factor  -  0.9. 

Each  module  contains  two  identical  secondary 
windings  that  are  necessary  for  transmitting  electron  gun 
cathode  filament  current.  The  transformer  has  the 
following  parameters: 


Transformer  voltage  ratio 

50 

Maximum  test  output  voltage 

240  kV 

Input  voltage 

2-*4  kV 

Outside  core  diameter 

200  mm 

Maximum  magnetic  field 

1.4  T 

The  tank  length 

840  mm 

The  tank  diameter 

300  mm 

Figure  3:  The  installation  without  of  a  radiation 
shielding. 

2.3  Pulse  modulator 

The  modulator  (item  4,  Fig.  1)  generates  high-voltage 
impulses  which  supplies  the  input  of  the  step-up 
transformer.  The  basic  problems  of  the  development  of 
the  modulator  consist  in  achieving  of  the  small 
dimensions,  wide  control  bands  of  output  voltage  and 
pulse  repetition  rate,  good  reliability  of  work.  The 
modulator  contains  the  following  main  components: 
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high-voltage  power  unit,  charging  circuit,  pulse 
formation  circuit,  thyratron  switch,  measuring  voltage 
dividers. 

The  high-voltage  power  unit  consists  of  6-phase 
rectifier,  filter,  high-frequency  generator  (30  kHz),  step- 
up  transformer,  and  high-voltage  rectifier.  The  unit 
contains  its  own  control  system  for  protection  from 
overload  and  high-voltage  breakdowns.  Its  has  two 
feedback  circuits,  proportional  load  current  and  second  - 
proportional  output  voltage.  These  feedback  circuits 
allow  having  wide  control  of  the  power  unit  with 
properly  limitation  of  the  charge  current.  This  technical 
solution  excludes  the  limitation  resistors,  chokes  etc. 

The  charging  circuit  is  based  on  the  high-voltage 
thyristor  pole.  The  pulse  forming  circuit  contains  a  set  of 
capacitors  and  inductance. 

The  thyratron  switch  is  assembled  using  TGP1-1000/25 
thyratron  that  has  the  following  basic  parameters: 
maximum  work  current  of  1000  A  and  maximum  voltage 
25  kV.  Large  reserve  in  the  voltage  provides  the  long 
operating  life  of  the  thyratron,  which  usually  determines 
the  trouble-free  time  of  the  modulator. 

The  modulator  is  built  as  a  single  device  enclosed  in  a 
casing  that  serves  as  an  electromagnetic  shield  designed 
to  reduce  the  pulse  interference  directed  from  the 
powerful  modulator  circuits  to  other  installation 
equipment.  The  modulator  parameters: 

Pulse  voltage  output  (controlled 

with  accuracy  better  then  3%)  2  to  5  kV 

Pulse  duration  2  gsec 

Pulse  repetition  rate  (controlled)  5  to  150  pps 
Capacitance  of  pulse  forming  circuit  0.2  mF 
Overall  dimensions  of  the  modulator  0.65x0.5x0.44  m 


2.4  Radiation  shielding 

The  basic  requirement  to  a  construction  of  a  radiation 
shielding  is  the  decreasing  of  the  dose  at  any  place  near 
cabinet  to  a  background  level  (0.1  mkG/h).  The  radiation 
shielding  consists  of  two  shells.  The  first  (internal)  shell 
covers  the  electron  gun  and  irradiation  zone.  It  consists 
of  the  set  of  lead  sheets  5  mm  thick  with  intricate  shape. 
The  second  (external)  shell  covers  the  electron  gun,  the 
irradiation  zone,  and  the  high-voltage  transformer.  The 
shielding  allows  to  decrease  radiation  in  109  times. 

The  exposure  of  the  samples  is  produced  in  the 
pressure  tight  camera  (item  6,  Fig.  1),  filled  with 
nitrogen,  that  eliminates  the  ozone  formation  and 
influence  of  air  oxygen  on  radiation  processing.  The 
shell  of  the  chamber  consists  of  a  carriage  made  of  2  mm 
thick  stainless  steel.  Plates  of  2  mm  thick  lead  are  fixed 
to  the  sides  of  the  carriage.  After  installing  of  the 
carriage,  plates  were  bent  to  the  lead  sheet  of  the  base, 
providing  a  leek-free  joint.  Small  concentration  of 
oxygen  in  the  chamber  was  achieved  -  no  more  than  20 
promille. 


2.5  Control  system 

The  control  of  the  installation  is  carried  out  by  means  of 
computer  and  is  automated  completely,  therefore 
maintenance  of  installation  can  be  carried  out  by  not 
special  personal.  The  computer  realises  sequential 
switching  on  of  devices  of  installation,  monitoring  of 
parameters,  inclusion  of  necessary  regime  and 
parameters  of  an  exposure.  The  installation  can  be 
operated  in  three  modes:  single  pulse,  continuous,  and 
serial  (series  of  pulses  with  pauses).  The  electron  energy, 
pulse  repetition  rate,  duration  of  irradiation,  and  the 
pause  intervals  may  be  set  within  broad  ranges.  The 
radiating  doze  on  a  surface  of  an  irradiated  sample  is 
calculated  and  shown  on  the  display.  The  doze  may  be 
determined  by  operator,  in  this  case  the  necessary  time  of 
an  exposure  is  calculated  and  installed  by  the  computer. 

The  reliability  of  safe  work  with  installation  is  ensured 
also  with  system  of  interlocking,  in  which  there  are 
software  and  hardware  interlocking.  For  example,  the 
electron  beam  cannot  be  switched  on,  if  the  carriage 
removed  or  poorly  entered,  and  the  carriage  cannot  be 
removed,  when  the  electron  beam  is  generated. 

3  CONCLUSION 

Such  installation  is  working  in  one  of  corporations  of 
USA  for  more  than  year.  The  installation  has  shown 
reliable  work  full  ecological  safety. 
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Abstract 

Though  the  low  energy  electrons  (160-200  keV)  do  not 
penetrate  deep  into  the  material's  surface  the  application 
of  such  beams  can  be  effective  enough  in  some  techno¬ 
logical  processes,  i.e.  for  processing  the  materials  surface 
or  for  realizing  processes  in  gases.  For  researching  of  low 
energy  beams  influence  on  the  materials  it  was  created  a 
special  experimental  installation  based  on  a  powerful 
electron  gun  with  wide  rectangular  output  window.  A 
number  of  different  polymer  materials  were  processed  in 
this  installation  and  it  was  obtained  an  increasing  of  dura¬ 
bility,  limit  of  elasticity,  wearability  and  thermo¬ 
resistivity  in  number  of  times.  Its  important  to  note  that 
depth  of  materials  properties  changes  is  much  higher  then 
the  electron  penetration  depth.  Probably  it  is  due  to  con¬ 
current  action  of  electron  beam  and  intensive  x-ray  irra¬ 
diation  arising  from  the  output  window  foil.  Due  to  their 
properties  such  beams  can  be  effectively  used  in  agricul¬ 
ture  and  medicine  also. 

1  APPLICATION  OF  ELECTRON  BEAMS 

1.1  Interaction  of  Electrons  with  Substance 

The  accelerated  electrons,  getting  in  substance,  elec¬ 
trostatically  interact  with  electrons  and  nucleuses  of  at¬ 
oms.  The  most  part  of  the  beam  energy  is  spent  for  inter¬ 
action  with  orbital  electrons.  The  primary  particle  trans¬ 
fers  them  a  part  of  their  energy,  owing  to  what  they  pass 
to  orbits  of  greater  radius  (excitation)  or  come  off  atom 
(ionization).  The  average  energy  spent  on  formation  of 
one  pair  of  ions  (an  energy  of  ionization),  practically  does 
not  depend  on  a  primary  electrons  energy  and  makes  for 
many  substances  ~  30  eV.  Potential  of  ionization  of  sim¬ 
ple  molecules  is  close  to  10  eV.  Other  two  thirds  of  a 
primary  particle  energy  are  spent  for  excitation  and  other 
processes.  If  the  energy  of  primary  electrons  makes  100- 
200  keV,  the  complete  loss  of  an  energy  occurs  at  the 
expense  of  repeated  collisions. 

The  depth  of  electrons  penetration  in  substance  (for  en¬ 
ergies  from  10  keV  up  to  1  MeV)  can  be  defined  with  the 
help  of  expression: 

=  6,7- 10'11  W5B/p  ,  (1) 


where  lm  is  a  depth  of  electrons  penetration  in  material 
[cm];  W  -  electrons  energy  [eV];  r  -  substance  density 
[g/cm3]. 

The  diagram  of  electrons  with  energy  160-200  keV 
penetration  depth  v.s.  substance  density  is  given  on  Fig.l. 
From  this  diagram  it  follows,  that  low  energy  electron 
beams  can  be  most  effectively  used  in  gas  environments, 
where  their  penetrating  ability  makes  about  15-20  cm. 
Besides,  the  electron  beams  with  small  penetrating  ability 
are  necessary  for  processing  surface  layers  of  products  in 
order  to  prevent  the  beam  influence  on  internal  areas  that 
my  be  inadmissible. 

1.2  Application  of  Electron  Beams 

At  passage  in  substance  the  primary  electrons  cause 
breaks  of  molecular  links.  The  formed  charged  and  neu¬ 
tral  splinters  of  molecules  have  high  chemical  activity  and 
quickly  react  with  each  other  and  with  other  molecules, 
owing  to  what  the  molecular  structure  of  a  material 
changes  and  the  substance  with  new  properties  is 


Figure  1:  Penetration  length  ^  for  160  and  200  keV  elec¬ 
trons  in  substances  with  different  density  p. 
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formed.  The  high  chemical  activity  of  reacting  particles 
makes  possible  a  realization  of  radiation-chemical  reac¬ 
tions  even  at  very  low  temperatures.  Thus  also  disappears 
a  necessity  of  the  initiators  and  catalysts  use,  that  allows 
to  create  a  high  cleanliness  materials. 

1.3  Radiating  modification  of  polymers 

Radiating  polymerization  processes  are  rather  effective 
energetically  and  can  be  carried  out  at  temperature,  opti¬ 
mum  for  molecular  circuits  growth.  The  polymers  prop¬ 
erties  modification  by  radiation  is  caused  by  processes  of 
polymerization  (seaming)  and  destruction  of  molecules. 
The  radiation  can  stimulate  both  processes  of  molecule 
polymerization  and  one-dimensional  polymer  modifying 
in  spatial  one  by  intermolecular  links  creating.  These 
links  reduce  displacement  of  molecules  at  mechanical 
influences,  that  results  in  increase  of  a  limit  of  elasticity 
and  reduction  of  plastic  deformations.  It  decreases  a  ma¬ 
terial  deterioration  (in  2-4  times)  and  the  range  of  work¬ 
ing  temperatures  extends.  The  typical  changes  of  the  ba¬ 
sic  mechanical  and  operational  characteristics  of  some 
plastics  and  rubbers  used,  in  particular,  for  manufacturing 
of  automobile  linings,  shock-absorbers  etc.  are  given  in 
Tables  1  and  2.  The  similar  results  can  be  got  for  proc¬ 
essing  other  polymers. 

The  radiating  processing  of  photo-polymers,  used  in 
polygraph,  allows  to  increase  their  durability  and  thermo¬ 
resistivity  in  a  number  of  times.  For  some  applications  it 
makes  it  possible  to  use  processed  photo-polymer  form 
instead  metal  ones. 

Typical  changes  of  material  properties  caused  by  de¬ 
struction  of  molecules  are  the  increase  of  substance  solu¬ 
bility  and  reduction  of  its  viscosity.  The  destruction  proc¬ 
ess  at  irradiation  in  water  solutions  prevails  for  many 
polymers,  that  is  due  to  participation  in  reactions  the  wa¬ 
ter  radiolize  products.  Using  of  this  process  for  industrial 
and  household  wastewater  clearing  is  of  practical  interest. 
First  of  all  it  concerns  to  neutralization  of  synthetic  super¬ 
ficial-active  substances  used  for  abstergents  manufactur¬ 
ing.  At  water  radiating  processing  its  sterilization  is  tak¬ 
ing  place  as  well. 

One  of  the  most  widespread  technologies  using  com¬ 
bined  radiating  processes  is  radiating  hardening  of  lacker 
and  paint  coverings.  Unlike  the  traditional  technology, 
radiating  polymerization  lasts  less  than  1  second  and  does 
not  require  additional  polishing.  Such  coverings  have 
high  mechanical  durability,  chemical-  and  thermo¬ 
resistivity.  With  the  help  of  these  processes  thin  layered 
plastics,  foiled  dielectrics,  dielectric  covering  on  various 
substrates,  multilayer  boards  can  be  created  also.  Radiat¬ 
ing  hardening  is  used  in  a  magnetic  tape  manufacturing, 
in  a  polygraph  industry  and  some  other  processes.  In 
hardening  of  a  typographical  paint  on  banknotes  the  posi¬ 
tive  results  are  received. 


Table  1 :  Typical  changes  of  materials  parameters  after 
radiation  treating. 


Material 

Parameters  changing  (increasing) 

Module  of 
elasticity 

Elastic 

limit 

Wear- 

ability 

Tempe-_ 
rature,  °N 

Caprolon 

1,0 

3 

1,6-1, 7 

— 

Rubber 

1,2-1, 3 

5-6 

— 

— 

Silicon 

rubber 

— 

— 

— 

-60 

Polyuretan 

— 

— 

1,7-2 

— 

Table  2:  Operating  temperature  for  different  regimes 


Polythene 
seamed  method 

Operating  temperature  for  different 
time  regimes,  °N 

Long  lasting 

100 

h/year 

Shortly 

chemically 

90 

130 

250 

radiationally 

150 

200 

300 

1.4  Radiating  technological  processes  in  gases, 
oil  and  petroleum  processing 

The  processes  of  this  type  basically  are  used  for  clearing 
gases  of  the  industrial  enterprises  of  harmful  impurity. 
The  greatest  danger  represents  sulfur  dioxide  S02  and 
nitrogen  oxides  NOx.  The  radiating  method  with  addition 
of  ammonia  allows  to  fix  up  to  80  %  NOx  and  up  to  90  % 
S02.  The  firm  particles  are  formed  which  are  grasped  by 
electrostatic  filter.  Process  of  clearing  from  sulfur- 
hydrogen  H2S  can  be  carried  out  similarly. 

The  radiating  influence  on  petroleum  and  oil  allows  to 
increase  essentially  a  useful  product  output  at  cracking. 
Two  kinds  of  cracking  are  applied  now:  thermal  and 
catalyzed.  These  processes  have  the  certain  lacks  both. 
Application  of  an  electron  beam  as  the  chemical  catalyst 
is  effective  enough,  as  it  has  volumetric  action  while  the 
usual  chemical  catalyst  -  only  superficial.  Besides  there  is 
no  necessity  of  catalyst  regeneration. 

1.5  Beams  application  for  medicine  and  food¬ 
processing 

The  application  of  radiating  technologies  in  medicine  and 
food-processing  industry  is  based  on  biological  action  of 
radiation.  Depending  on  a  doze  of  an  irradiation  the  vari¬ 
ous  results  are  possible:  stimulation  of  development,  ge¬ 
netic  changes,  sterilization,  delay  of  growth,  chemical 
decomposition.  The  sterilization  of  medical  materials  and 
tools  is  the  first  radiating  process  mastered  in  industrial 
scales.  One  of  possible  directions  of  foodstuff  radiating 
sterilization  is  the  products  processing  after  their  culinary 
treatment.  After  such  processing  the  product  can  be  stored 
at  room  temperature  during  several  months  without  any 
preserves.  In  agriculture  the  radiating  technologies  are 
applied  for  a  grain  disinsection,  growth  stimulation  before 
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crop,  germination  delay  at  storage  etc.  The  irradiation 
doze  of  50-150  Gr  prevents  potatoes  from  germination 
within  10-15  months  at  usual  storage  temperatures.  For 
electrons  this  doze  can  be  increased  up  to  300-500  Gr  and 
storage  time  will  be  longer  for  2-3  months.  An  onions  can 
be  exposed  to  the  same  processing.  Advantages  of  radi¬ 
ating  processing  before  chemical:  absence  of  products 
impurity,  smaller  cost,  line  processing. 

2  SPECIALISED  ELECTRON  GUN  FOR 
RADIATING  PROCESSES 

2.1  The  Electron  Gun  Construction 

The  electron  gun  of  a  modular  type  is  a  kind  of  a  direct 
action  particle  accelerator  (see  Fig.2).  Electron  beam  is 
extracting  out  through  a  thin  foil  and  the  irradiation  of 
products  is  made  over  a  large  enough  area  without  appli¬ 
cation  of  any  additional  devices. 

The  developed  gun,  unlike  similar  ones,  is  compact,  du¬ 
rable,  does  not  require  vacuum  pumps  and  provides  good 
repeatability  of  characteristics.  The  large  irradiation  fields 
can  be  received  by  combining  a  number  of  guns.  Several 
complex  scientific  and  technological  problems  was  solved 
for  electron  gun  development.  The  main  problems  are: 
creation  of  a  tight  and  reliable  output  window,  develop¬ 
ment  of  electron-optical  system  with  good  beam  distribu¬ 
tion  over  an  output  window,  creation  of  effective  and  reli¬ 
able  cathodes,  and  technology  of  gun  assembling  with  a 
necessary  vacuum  maintenance. 

The  output  window  design  is  one  of  the  basic  problems 
in  electron  gun  creation.  A  small  density  material  should 
be  used  for  foil  and  it  must  be  as  thin  as  possible.  The 
best  results  (for  mechanical,  vacuum  and  thermal  proper¬ 
ties)  were  achieved  using  a  titanium  foil  30  pm  thick. 
With  the  help  of  diffuse  welding  the  foil  is  welded  on 
basic  copper  lattices,  which  besides  carry  out  a  cooler 
role.  The  welding  is  carried  out  in  vacuum  at  high  tem¬ 
perature  with  the  help  of  special  adaptations  acting  on 
basis  of  materials  linear  expansion  factors  difference.  The 
optimum  welding  mode  is  determined  experimentally. 

The  electron-optical  system  of  beam  formation  provides 
a  uniform  distribution  of  current  density  over  the  output 
window  and  the  cathode  surface.  Cathodes  with  flat  emit¬ 
ting  surface  are  used  here. 

A  series  of  electron  guns  with  various  parameters  was 
developed.  The  parameters  of  one  of  them  with  large  av¬ 
erage  power  of  extracting  beam  are  given  in  Table  3. 


Figure  2:  Appearance  of  the  electron  gun. 


Table  3:  Parameters  of  the  Electron  Gun  with  a  High  Av¬ 
erage  Power. 


Average  beam  power 

400  W 

Output  window  cross  section 

200x100  mm2 

Electrons  energy 

200  keV  (max.) 

Cathode  current 

80  A 

Output  current 

10  A 

Surface  absorbed  doze  rating 

300  kGr/s  (max.) 

Pulse  duration 

5  ps 

Pulse  following  frequency 

50  Hz 

Gun  overall  dimensions 

400x230x1 14  mm3 

Gun  mass 

20  kg 

costs  of  the  gun  and  its  exploitation.  The  gun  provides 
rather  high  dozes  of  irradiation,  that  allows  to  create  high- 
efficiency  installations.  For  example,  for  optimum  modi¬ 
fication  of  the  characteristics  polyvinilchloride  (PVC)  the 
dozes  of  an  irradiation  of  the  order  20-30  kGr  are  re¬ 
quired.  The  area  of  a  target  window  of  a  gun  makes  0,02 
m2.  Then  for  1  second  can  be  processed  0,25  m2  of  a  sur¬ 
face  of  products  from  PVC  or  900  m2  in  one  hour.  For 
polythene  with  an  optimum  doze  -  50  kGr  the  productiv¬ 
ity  of  installation  will  make  400-450  m2/hour.  Thus  power 
requirements  on  1  m2  the  surfaces  will  not  exceed  about 
0,004  kWh  for  PVC  and  -  0,008  kWh  for  polythene. 


2.2  Use  Efficiency  of  Low  Energy  Electron 
Beams 

In  all  radiating  processes  mentioned  above  the  application 
of  electron  gun  is  represented  rather  effective  because  it 
forms  intensive  flow  of  low  energy  electrons  at  rather  low 
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THE  ELECTRON  LINAC  ON  THE  BASIS  OF  SYSTEM  WITH 
NONSYNCHRONOUS  WAVES  FOR  NUCLEAR  GEOPHYSICS 


B.  Bogdanovitch1.  A.  Nesterovitch,  S.  Stepanov ,  MEPhI,  Moscow,  Russia 


Abstract 

In  nuclear  geophysics  the  chinks  carottage  at  the  minerals 
search  by  means  of  radiation  occurring  in  a  ground  with 
presence  of  bremsstrahlung  produced  by  electron  linac 
(Compton  effect,  y-y7  reaction)  is  widely  known.  An 
induction  electron  linacs  of  LIA-0,5/50  type  developed  in 
Institute  of  the  Electrophysical  Equipment  (St.- 
Petersburg)  have  got  the  greatest  advancement  in  Russia. 
Such  devices  have  a  diameter  no  more  than  10  cm,  length 
about  3  m,  electron  current  up  to  50  A,  electron  energy 
about  0,5  MeV  and  pulse  duration  of  50  ns.  Linac,  power 
supply  system  and  control  equipment  are  displaced  in  the 
same  cylindrical  module.  The  electric  power  is  supplied 
through  cable  from  a  source  placed  on  a  ground  surface. 
The  signals  from  the  control  equipment  are  transmitted  to 
the  ground  board  [1].  A  lack  of  such  system  is  the  rather 
small  efficiency,  that  is  characteristic  for  induction  linacs, 
and  limited  service  life  in  conditions  of  high  temperatures 
(up  to  +  2000  C°),  caused  by  degradation  of  ferrite  cores 
of  accelerating  structure. 

In  the  report  given  the  results  of  preliminary  research 
of  the  electron  linac  based  on  an  auto  resonant 
acceleration  principle  are  described.  Such  linacs  have 
certain  restrictions  on  energy  and  acceleration  rate,  but 
are  represented  as  most  effective  for  the  geophysics  tasks 
decision  by  specific  differences  of  single  resonator 
accelerating  system  [2]. 

1  THE  DEVICE  DESIGN 

The  principle  of  the  accelerator  action  consists  in  RF 
fields  generation  by  cyclotron  resonance  maser  type 
system.  The  scheme  of  the  device  is  shown  on  Fig.l. 

The  device  operates  in  the  following  way.  The  tubular 
shaped  electron  flow,  emitted  the  cathode  1,  gets  into 
accelerating  space  between  cathode  and  resonator  2  and 
begins  to  rotate  as  whole  in  the  longitudinal  magnetic 
field  of  solenoid  3.  Thus  significant  part  of  longitudinal 
electron  energy  transforms  into  a  rotary  movement 
energy.  The  rotating  electron  flow  gets  into  the  resonator 

2  and  excites  RF  electromagnetic  TEoin  mode  in  it. 

The  significant  part  of  electrons  gives  back  their  energy 
to  a  RF  field  so  electron  beam  radius  of  rotation 
decreases,  as  it  is  shown  in  [3].  These  particles  gets  on  a 


central  part  of  a  collimator  5.  The  accelerating  resonator 
6  is  connected  by  coupling  cells  4  to  the  generating 
resonator  2,  therefore  a  RF  field  of  a  similar  type  also  is 
exited  in  it.  In  collimator  5  area  magnetic  field  comes  to 
zero,  so  the  electron  trajectories  become  rectilinear, 
parallel  to  a  longitudinal  axis.  Then  the  insignificant  part 
of  electron  flow,  not  captured  in  a  generation  mode  and 
having  the  greatest  energy  and  rotation  radiuses,  gets  into 
accelerating  section  6. 

If  magnetic  field  induction  increases  upon  length  this 
part  of  electron  beam  is  accelerated  by  means  of 

nonsynchronous  waves  of  TEoin  mode  up  to  energy 
about  0.8  MeV.  Thus  the  electrons  accelerated  get  onto  a 
tungsten  target  7  placed  on  lateral  waveguide  walls, 
producing  a  flow  of  bremsstrahlung  (or  y  -  radiation)  in  a 
transverse  direction.  The  back  scattered  radiation  from 
the  ground  is  registered  by  the  detector  (not  shown  in  a 
Fig.  1).  The  face  wall  8  of  the  accelerating  resonator  is 
designed  mobile,  it’s  displacement  is  defined 
automatically  by  condition  of  a  resonators  2  and  6 
frequencies  resonance.  It  is  carried  out  by  the  reversal 
engine  9,  controlled  automatically  by  comparison  of 
signals  from  two  detectors  (are  not  shown  in  a  Fig.  1).  If  a 
frequency  is  deviated  due  to  heating  the  automatic  tuning 
of  a  magnetic  field  value  by  change  of  a  solenoids  current 
is  carried  out. 

2  LINAC  CALCULATED  PARAMETERS 

Generating  and  accelerating  sections  represent 
rectangular  resonators  with  the  cross  sizes  44mmx72mm 
(operating  frequency  -  2800  MHz).  The  length  of 
generating  section  is  equal  to  0.2  -  0.3  m,  and 
accelerating  section  has  length  about  1  m.  The  injection 
current  is  equal  to  40  A  (after  collimator  -  0.5  A), 
injection  voltage  is  equal  to  50  kV,  the  pulse  duration  is 
equal  to  2  ps,  the  repetition  rate  is  about  50  Hz.  The 
accelerating  harmonic  amplitude  makes  50  kV/cm,  pulsed 
accelerated  current  at  an  linac  output  -  0.1  A.  The 
magnetic  field  is  equal  to  0,05  T  in  generating  section.  In 
accelerating  section  the  magnetic  field  raises  from  0.05 
up  to  0.12  T.  Electrons  get  on  the  tungsten  target,  thus 
producing  a  bremsstrahlung  flow  with  intensity  up  to  1.5 
rad/hour.  The  cross  dimensions  of  whole  device  does  not 
exceed  0.14  m,  length  (with  the  power  supply  system  and 
detector)  is  no  more  than  3  m. 
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1  2  3  4  5  6  7  ^89 


Figure  1:  The  scheme  of  device  and  magnetic  field  distribution  ( 1  -  electron  source  ring  cathode; 

2  -  generating  rectangular  resonator;  3  -  magnetic  system  coil;  4  -  coupling  cell  (connects  generating 
and  accelerating  resonator);  5  -  collimator  of  a  tubular  beam;  6  -  accelerating  rectangular  resonator; 
7  -  target;  8  -  accelerating  resonator  mobile  wall;  9  -  reversal  engine). 


3  THE  CONCLUSIONS 

Precomputations  and  experiments,  carried  out  in 
MEPhI  and  Tomsk  Polytechnics  Institute,  have  shown  an 
opportunity  of  realisation  of  system  proposed.  It’s 
electron  efficiency  can  be  higher  the  order  in  comparison 
with  the  induction  accelerator,  with  raise  of  system 
durability  and  bremsstrahlung  level  increase  a  more  than 
on  the  order  at  the  same  power  consumption. 

Nowadays  in  MEPhI  a  generating  section  model  is 
successfully  tested  and  the  preliminary  model  tests  of 
accelerating  section  were  carried  out.  The  model  tests  of 
the  given  acceleration  method  have  confirmed  an 
opportunity  of  acceleration  in  operating  variant.  The 
electron  source  current  reached  20  A  at  voltage  up  to  100 
kV.  LaB6  cathode  ring  has  following  diameters:  external 
of  30  mm,  internal  of  10  mm.  At  a  generating  section 
input  the  rotating  electron  flow  has  a  diameter  about  20 
mm.  A  pulse  duration  about  (80-100)  psec,  repetition  rate 
is  equal  to  1  Hz.  Numerical  optimisation  of  a  magnetic 
field  distribution  upon  system  length  will  be  carried  out 
nowadays. 
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Abstract 

The  need  to  extend  to  smaller  and  smaller  features  (sub- 
100  nm)  in  integrated  circuits  has  created  the  necessity 
to  investigate  new  technologies  beyond  optical 
lithography.  Ion  Projection  Lithography  (IPL)  is  an 
advance  lithographic  concept  that  can  provide  the 
solution  for  the  high  volume  fabrication  of  sub- 100  nm 
integrated  circuits.  The  IPL  system  requires  low  axial 
energy  spread  ions  in  order  to  minimise  the  chromatic 
aberration  of  the  projected  image  on  the  wafer.  Ion 
energy  spread  for  the  multicusp  source  has  been  reduced 
from  6  eV  to  below  2  eV  by  the  use  of  a  planar  magnetic 
filter.  And  most  recently,  LBNL  successfully  reduced  the 
energy  spread  to  below  1  eV  by  employing  a  co-axial 
filter  configuration.  A  similar  source  is  being  fabricated 
to  be  used  for  a  novel  IPL  machine  to  be  built  by  IMS  in 
1999  as  part  of  the  European  MEDEA  project  headed  by 
Siemens.  This  paper  describes  the  multicusp  ion  source 
for  lithography  and  shows  some  exposure  results  using 
this  source. 


1  INTRODUCTION 

The  enabling  technology  for  integrated  circuits  is 
lithography:  the  repeated  printing  of  fine  line  features  in 
resist  to  define  the  various  layers  of  circuit  elements, 
precisely  aligned  from  layer  to  layer.  There  are  many 
lithographic  techniques:  optical,  extreme  UV  (EUV),  ion 
projection  lithography  (IPL),  SCALPEL  and  1:1  X-ray. 
Although  optical  lithography  has  been  extended  to  far 
smaller  dimensions  than  was  predicted  15  years  ago, 
there  are  definite  physical  barriers  to  extending  it  to  the 
minimum  dimensions  of  well  below  100-nm.[l]  Ion 
beam  lithography  could  provide  both  small  minimum 
dimensions  and  high  throughput.  Ions  are  well  suited  for 
lithography  because  they  suffer  little  or  no  scattering  in 
the  resist  unlike  electrons.  [2-7]  IPL  may  turn  out  as  the 
sub- 100  nm  lithography  technique  with  lowest  cost  of 
ownership. 


This  work  is  supported  in  part  by  the  Defense  Advanced  Research 
Project  Agency  (DARPA),  Inti.  SEMATECH,  Siemens  Corporation  and 
the  U.S.  Department  of  Energy  under  contract  No.  DE-AC03-76F00098 
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In  IPL  a  uniform,  collimated  beam  of  light  ions  (IT, 
H2\  H3\  or  He+)  back  illuminates  a  stencil  mask.  The 
image  of  this  stencil  mask  is  projected  through  a  series 
of  electrostatic  lenses  and  demagnified  onto  the  substrate 
(Fig.  1,  [2]).  IPL  operates  under  vacuum  and  uses  ions 
instead  of  photons  to  expose  the  mask  features  onto  a 
resist  coated  wafer.  IMS  in  Vienna,  Austria  has  built  two 
generations  of  ion  projection  lithography  systems  that 
have  demonstrated  many  of  the  features  needed  for  high 
throughput  lithography. 


Hydrogen  or  Helium  gas 


10  pm  virtual  source  size 

LBNL  co-axial  ion  source  : 

Multi-Cusp  Ion  Source  a  e<icv(fwhm) 


Metal  Electrode 
Isolator 


Stencil  Mask 


Multi  -  Electrode 

Electrostatic 

Ion-Optics 


Wafer 

chromatic  blur’ 


4x  reduction 
ion-optical 
column 

<  10  5  Numerical  Aperture 


geometric  blur 


stochastic  blur 


Figure  1 :  Schematic  diagram  of  ion  projection 
Lithography  (IPL). 


The  ion  source  is  an  important  component  of  IPL.  Its 
performance  determines  many  of  the  parameters  of  the 
beam  downstream.  The  axial  energy  spread  of  the  ion 
beam  couples  to  chromatic  aberrations  in  the  ion  optical 
column,  and  leads  to  blur  in  the  printed  pattern  on  the 
wafer.  For  a  given  design  rule,  the  IPL  system  must 
achieve  a  compatible  total  error  budget.  For  chromatic 
aberration  to  contribute  a  small  fraction  of  this  budget, 
the  axial  energy  spread  of  the  ion  beam  should  be  less 
than  about  2  eV  (full  width  at  half  maximum,  FWHM). 
This  paper  will  describe  the  source  of  choice  for  IPL. 


2  MULTICUSP  ION  SOURCE 

The  multicusp  source  is  capable  of  producing  large 
volumes  of  uniform,  quiescent  and  high-density  plasmas 
with  high  gas  and  electrical  efficiencies.  Recently,  it  was 
found  that  the  source  can  be  used  to  produce  low  axial 
energy  spread  ions  for  lithography.  Columns  of 
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samarium-cobalt  permanent  magnets  with  alternating 
polarities  surround  the  cylindrically  shaped  source. 
These  magnets  generate  longitudinal  line-cusp  magnetic 
fields  that  can  confine  the  primary  ionizing  electrons 
efficiently.  One  end  of  the  chamber  is  terminated  by  an 
end  flange,  which  is  covered  with  rows  of  permanent 
magnets.  The  open  end  of  the  chamber  is  where  the  low 
axial  energy  ions  are  extracted.  The  schematic  diagram 
of  the  source  is  shown  in  Fig.  2. 


Figure  2:  Schematic  diagram  of  the  multicusp  ion 
source  with  the  planar  magnetic  filter. 

2.1  Without  a  magnetic  filter 

The  axial  plasma  potential  distribution  inside  the  source 
has  been  studied  in  previous  works  by  Ehlers,  et.al.,[9] 
and  its  influence  on  the  axial  energy  spread  has  been 
reported.  [10]  The  plasma  potential  decreases 
monotonically  towards  the  plasma  electrode.  Ions  are 
formed  with  different  energies  if  they  are  produced  at 
different  axial  positions,  thus  the  energy  spread  is  large. 
The  ion  energy  spread  has  been  measured  using  a 
retarding  field  energy  analyser  (provided  by  IMS)  and 
been  reported  to  be  approximately  6  eV  for  a  10-cm- 
diameter  by  10-cm-long  filament  discharge  source. 

The  importance  of  ions  with  low  energy  spread  is 
clearly  shown  on  the  printed  features.  Although  the 
multicusp  ion  source  with  this  arrangement  has  not  been 
tested  in  an  actual  IPL  machine,  exposure  tests  have 
been  performed  with  the  IPLM-02  research  type  ion 
projector  at  the  Fraunhofer  Institute  for  Silicon 
Technology  using  a  duoplasmatron  source.  This  source  is 
known  to  have  an  energy  spread  of  =12  eV.  Figure  3 
shows  an  exposure  result  in  390  nm  thick  DUV  resist 
(Shipley  UVIIHS):  At  8.4  ion-optical  reduction  74  keV 
hydrogen  ions  were  used  with  an  exposure  time  of  300 
ms;  exposure  dose  was  0.3  pC/cm2.  The  line  spaces  are 
80  nm  wide  (>  4: 1  aspect  ratio). 


2.2  With  a  planar  magnetic  filter 

The  multicusp  ion  source  is  provided  with  a  removable 
magnetic  filter  system.  The  magnetic  filter  design  is  used 


to  provide  a  limited  region  of  transverse  magnetic  field, 
which  prevents  the  energetic  electrons  in  the  discharge 
chamber  from  crossing  over  into  the  extraction  region. 
The  plasma  potential  distribution  in  this  case  is  more 
uniform  in  the  ion  production  region,  resulting  in  a 
narrowed  potential  range  where  ions  are  actually  formed. 
The  axial  energy  spread  has  been  reported  to  be 
approximately  2  eV  for  a  10-cm-diameter  by  10-cm-long 
filament  discharge  source.  The  exposure  result  with  this 
source  presented  a  great  improvement  on  the  resolution 
[11].  Figure  4  shows  50-nm  line  spaces  (>  6:1  aspect 
ratio)  exposed  with  75  keV  helium  ions  in  UVIIHS 
resist;  exposure  time  800  ms;  exposure  dose  0.3  pC/cm2. 


80  nm 


Figure  3:  Exposure  result  using  an  ion  source  with  a 
12eV  axial  energy  spread. 


50  nm 


Figure  4:  Exposure  result  using  an  ion  source  with  a  2eV 
axial  energy  spread. 


2.3  Co-Axial  Source 

The  axial  energy  spread  of  the  multicusp  ion  source  can 
be  further  reduced  by  optimising  the  filter  design.  In  this 
arrangement,  both  ends  of  the  chamber  are  terminated  by 
a  flange,  which  is  covered  with  rows  of  permanent 
magnets.  One  end  of  the  chamber  has  an  opening 
diameter  of  5  cm  where  the  extraction  system  will  be 
placed.  The  filter  has  a  co-axial  cage  configuration,  6-cm 
ID  and  7.8-cm  OD,  and  has  6  water-cooled  rods  of 
permanent  magnets,  shown  in  Fig.  5.  Each  rod  is  0.8  cm 
in  diameter.  Plasma  is  generated  between  the  source 
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chamber  and  the  filter  cage  and  diffuses  into  the  center. 
This  filter  cage  controls  the  plasma  potential  distribution 
more  efficiently  than  the  planar  magnetic  filter 
arrangement. 


The  plasma  potential  of  the  co-axial  source  has  also 
been  measured  by  using  Langmuir  probes  placed  in  the 
central  region  as  well  as  in  the  annular  region  of  the 
source.  In  addition,  a  biasing  plate  can  be  installed  in  the 
central  region  for  the  purpose  of  modifying  the  radial 
plasma  potential  distribution,  and  therefore,  the  beam 
emittance.[12] 


Figure  6:  Axial  plasma  potential  distribution  for  the  co¬ 
axial  source. 

Axial  plasma  potential  distribution  has  been  measured 
in  both  the  central  and  the  outer  annular  regions.  The 
plasma  potential  at  the  center  is  lower  than  that  of  the 
discharge  region  (by  approximately  0.5  V)  as  it  has  been 
expected  (Fig.  6).  However,  uniformity  of  the  radial 
plasma  potential  distribution  is  not  critical  in  reducing 
the  axial  energy  spread.  Nevertheless,  the  axial  plasma 
potential  distributions  are  quite  uniform  in  both  regions, 
as  illustrated  by  the  plots  in  Fig.  6.  The  axial  energy 
spread  for  the  co-axial  source  was  found  to  be  as  low  as 
0.6  eV  (FWHM).  The  resolution  testing  for  this  type  of 
source  is  yet  to  be  performed.  This  ion  source  is 
expected  to  yield  sharp  features. 

Furthermore,  in  the  co-axial  source,  the  electron 
temperature  (Tc)  in  the  extraction  region  is  lower  than 
that  in  the  discharge  region.  Electron  temperature  as  low 
as  0.1  eV  has  been  recorded  at  the  extraction  region, 
which  is  about  an  order  of  magnitude  lower  than  that  of 


the  discharge  region.  Such  low  electron  temperature  will 
enable  the  source  usage  in  other  lithographic 
technologies. 


3  SUMMARY 

A  co-axial  source  is  being  designed  and  tested  at  the 
Lawrence  Berkeley  National  Laboratory,  and  it  will  be 
used  for  the  novel  IPL  machine  to  be  built  by  IMS  in 
1999  as  part  of  the  European  MEDEA  project  headed  by 
Siemens  Corporation  [8].  Fig.  7  shows  a  drawing  of  the 
source  to  be  used  for  the  MEDEA  project. 


Figure  7:  Schematic  drawing  of  the  co-axial  ion  source 
developed  at  LBNL  for  the  MEDEA  project. 
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Abstract 

The  EXCYT  project  at  LNS,  Catania,  Italy  aims  to  the 
production  of  radioactive  ion  beams  to  be  accelerated  by  a 
tandem  up  to  8  MeV/amu.  The  primary  beam  coming 
from  an  ECR  ion  source  goes  into  a  K800  cyclotron  and 
then  to  the  target-ion  source  assembly.  Here  the  species  of 
interest  are  produced  mainly  by  projectile  fragmentation 
in  a  target  thicker  than  the  projectile  range.  The  products 
diffuse  through  the  heated  target,  are  desorbed  from  its 
surface  and  go  to  the  ion  source  via  a  transfer  line.  After 
ionization,  the  products  are  mass-separated  and  injected 
into  the  tandem  to  be  post-accelerated  and  delivered  to  the 
users.  It  is  worth  noting  that  besides  the  post  acceleration 
there  is  also  an  option  to  supply  300  keV  beams  for  low 
energy  experiments.  In  the  following,  the  status  of  the 
project  will  be  described  into  details. 

1  ECR ION SOURCES  AND 
SUPERCONDUCTING  CYCLOTRON 

In  1998  the  superconducting  ECR  (electron  cyclotron 
resonance)  ion  source  SERSE  has  been  installed.  The 
source  has  already  achieved  the  maximum  primary  beam 
intensities  required  by  the  EXCYT  project  (7  ppA  of 
totally  stripped  light  ions)  [1],  To  ensure  the  continuous 
operation  of  the  cyclotron,  a  second  ECR  ion  source  with 
room-temperature  magnets  has  been  recently  added. 

The  K800  Superconducting  Cyclotron  (CS)  is  presently 
operated  as  a  booster  for  the  15  MV  tandem  beam  [2].  To 
allow  its  future  use  in  a  stand-alone  mode  and  to  obtain 
the  beam  intensities  needed,  axial  injection  has  been 
chosen.  The  axial  injection  line  from  the  two  ECR  ion 
sources  to  the  CS  is  being  completed;  it  will  allow  the 
rotation  of  the  beam  ellipse  in  the  final  matching  point 
(MP).  The  remaining  vertical  section  has  been  recently 
designed  to  achieve  a  small  beam  size  at  the  entrance  of 
the  inflector  [2]  .  For  the  new  injection  mode  an  inflector 
and  a  second  harmonic  central  region  (fig.l)  will  replace 
the  present  stripper  system.  To  operate  the  cyclotron  in  a 
constant  orbit  mode  the  source,  the  dees  and  the  inflector 
voltages  will  be  varied  according  to  the  relation: 
V/(coBo)=  const.,  with  a  source  limiting  voltage  of  30  kV 
[3].  The  spiral  inflector  has  a  6  mm  gap  and  an  applied 
electric  field  of  22  kV/cm:  the  latter  value  has  been 
chosen  to  make  the  exit  radius  as  large  as  possible  (17.5 


mm  for  30  kV  injection  voltage)  for  comfortably 
allocating  the  central  region  posts.  The  design  of  the 
central  region  is  based  upon  the  MSU  K500  cyclotron  [4], 
which  has  been  refurbished  to  be  coupled  to  the  K1200 
cyclotron.  At  MSU,  the  whole  system  is  conceived  to 
deliver  intense  primary  beams  for  the  production  of 
radioactive  ion  beams  by  fragmentation.  The  puller, 
consisting  of  two  posts  at  the  RF  voltage  immediately 
accelerates  the  beam  coming  out  of  the  inflector.  The 
particular  geometry  of  the  RF  and  ground  posts  allows  the 
particles  to  gain  as  much  energy  as  possible.  The  beam  is 
well  confined  inside  the  central  region,  while  there  is  a 
radial  dependence  upon  the  phase  at  the  end  of  the  first 
turn.  Here  the  last  ground  slit  of  the  central  region 
performs  a  rough  phase  selection,  reducing  the  phase 
range  down  to  approximately  35°  (from  200°  to  235°) 
which  corresponds  to  the  acceptance  of  the  cyclotron. 


Figure  1 :  The  2nd  harmonic  central  region  of  the  LNS  Superconducting 
Cyclotron.  Central  trajectories  with  starting  times  from  200°  to  235°  are 
plotted. 

A  slit  system  [2]  has  been  designed  to  perform  a  fine 
phase  selection  out  of  the  central  region:  it  consists  of 
three  wedges  that  will  discriminate  among  phases 
according  to  the  simulations  made  in  [5],  The  matching 
between  the  line  and  the  cyclotron  in  the  new  mode  has 
been  evaluated  with  good  result  [3]  by  considering 
separately:  a)  the  beam  ellipse  transport  from  the  MP  to 
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the  inflector  exit  and  b)  the  evolution  of  the  beam  ellipse 
from  the  inflector  exit  towards  the  extraction.  The  central 
region  parts  and  the  inflector  are  planned  to  be  installed  in 
the  cyclotron  by  November  1999. 

2  HV-PLATFORMS 

Two  different  250  kV  platforms  will  be  built  in  separated 
rooms.  The  voltage  has  been  chosen  in  order  to  enhance 
both  the  injection  in  the  tandem  and  the  performance  of 
the  mass  separator.  Most  of  the  radioactivity  is  generated 
and  confined  within  the  first  platform  area  housing  the 
target-ion  source  assembly  and  the  pre-separator;  the 
whole  area  is  contained  in  a  shielded  pit.  The  radioactivity 
level  in  the  second  platform  area  is  much  lower;  this 
platform  houses  the  charge  exchange  cell  and  the  first 
stage  of  the  isobaric  mass  separator.  A  high-voltage 
conduit  carrying  the  beam  line  and  the  electrical  cables 
through  a  1 -meter  thick  shield  wall  connects  the  two 
platforms.  The  conduit  consists  of  two  concentric  pipes:  a 
continuous  electrically  conductive  inner  pipe  and  a 
continuous  epoxy  outer  pipe  with  flanges  that  extend  into 
the  250  kV  platforms  by  a  few  centimetres.  The  space 
between  the  two  pipes  is  filled  with  2  atm  of  SF4 
insulating  gas.  Moreover,  within  the  span  of  the  shield 
wall  a  stainless  steel  tube  with  field  termination  rings 
covers  the  epoxy  tube.  POISSON  simulations  showed  that 
a)  the  electrical  gradients  are  appropriate  to  prevent 
sparks;  b)  for  a  250  kV  platform  voltage  the  maximum 
value  of  the  electric  field  is  located  at  both  ends  of  the 
stainless  steel  tube  and  reaches  up  to  13  kV/cm. 

3  TARGET-ION  SOURCE  ASSEMBLY 

Several  innovative  high-power  target  geometries  have 
been  developed  and  are  currently  being  constructed.  The 
designs  are  based  on  the  concept  of  redistributing  the 
primary  beam  intensity  over  larger  transverse  and 
longitudinal  target  dimensions.  At  operating  temperatures 
above  -2000  °C  radiative  cooling  is  the  dominant  heat 
transfer  process:  therefore  geometrical  target 
configurations  which  allow  maximum  viewing  of  cool 
surfaces  will  radiate  most  efficiently.  The  surface  is 
increased  by  tilting  the  target  of  an  angle  a  (Fig.2)  chosen 
to  reach  the  desired  level  of  temperature.  By  wiggling  or 
defocusing  the  beam,  its  spot  size  on  the  target  should  be 
increased  up  to  -30  mm,  thus  effectively  reducing  the 
beam  power  density.  The  combined  effect  of  increasing 
both  the  beam  size  and  the  target  dimensions  will  increase 
the  effective  radiating  surface  area  of  the  latter,  thus 
resulting  in  a  stable  target  operation  with  increased  total 
beam  intensities.  Computer  simulations  by  ANSYS  finite- 
element  code,  validated  this  concept  which  will  be  also 
used  for  the  HRIBF  at  ORNL  [6].  A  special  type  of 
graphite  with  high  open  porosity  has  been  chosen  for  the 
initial  targets:  this  material  should  allow  a  good  diffusion 
of  the  products. 


Figure  2:  The  scheme  of  the  EXCYT  tilted  target  of  the  Project. 
Assuming  R  as  the  range  of  each  particle  equal  to  to,  for  any  a  value  the 
particle  will  reach  the  bottom  of  the  target.  By  increasing  a,  the  target 
thickness  increases  as  well  as  the  surface  area  following  the  shown 
relation. 


Three  ISOLDE-type  ion  sources,  namely  positive  surface 
ionisation  ,  negative  surface  ionisation  and  hot  plasma,  are 
ready  to  be  tested.  A  fourth  negative  ion  source, 
developed  for  fluorine  at  the  HRIBF  will  be  built  and 
tested  for  EXCYT.  The  microwave  discharge  ion  source 
MIDAS  has  been  completed  in  1997.  Gas  efficiency  tests 
showed  fast  ionization  times  (a  few  ms)  and  the  almost 
complete  independence  on  the  ionic  species.  On  the  other 
hand,  they  also  showed  the  inadequacy  of  using  an 
antenna-based  injection  system.  The  source  has  been 
redesigned  with  a  waveguide  injection  and  a  better 
extraction  system.  If  the  expected  enhancement  (up  to 
20%)  will  be  achieved  by  the  second  prototype,  a  final 
version  finely  matching  both  with  the  target  and  with  the 
front  end  will  be  designed.  The  ground  electrode  has  been 
designed  with  an  extraction  optics  able  to  interact  with  all 
of  the  above  mentioned  ion  sources. 

A  massive  experimental  programme  has  been  undertaken 
in  order  to  estimate  the  formation  of  products  inside  the 
targets,  their  release  by  means  of  diffusion  and  desorption 
and  finally  the  efficiencies  of  the  ion  sources.  Cross 
sections  for  several  nuclides  produced  by  the  reaction:  **F 
(50  MeV/amu)  +  12C  have  been  measured,  with  values:  91 
mb  for  7Be,  96  mb  for  1SF,  10  mb  for  22Na,  2.5  mb  for  24Na 
[7].  The  figures  for  18F  and  7Be  are  very  promising  and  can 
be  increased  with  higher  energy  beams  (e.g.  80 
MeV/amu).  Using  ’Be  as  a  projectile  on  graphite  should 
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also  increase  the  latter  value.  Experiments  to  determine 
the  cross  section  for  ’Be  (50  MeV/amu)  +  >ZC  — >  7Be  and 
the  release  of  7Be  from  the  target  material  are  planned  by 
the  end  of  March  1999. 


4  HIGH  RESOLUTION  MASS 
SEPARATOR 

As  described  in  [8]  ,  the  secondary  beams  produced  in  the 
target-ion  source  system  will  go  through  a  magnetic 
isobaric  separator  with  a  nominal  resolution  power  M/AM 
=  20000. 

The  EXCYT  mass  separator  will  consist  of  four  sections: 
a  pre-separator,  two  main  separation  stages  at  different 
potential  and  a  transport  section  towards  the  tandem.  The 
pre-separator  with  M/AM  =170  consists  of  an  18°  bending 
magnet  and  a  quadruplet  of  electrostatic  quadrupoles 
placed  in  a  250  kV  platform.  Two  triplets  of  electrostatic 
quadrupoles  will  guide  and  focus  the  beam  to  a  charge- 
exchange  cell. 

The  first  separation  stage  with  M/AM  =  2000  is  placed  on 
a  second  250  kV  platform  and  consists  of  two  bending  77° 
and  90°  magnets  preceded  and  followed  by  a  quadruplet  of 
electrostatic  quadrupoles.  Finally,  the  second  separation 
stage  with  M/AM  =  20000  consists  of  two  large  90° 
bending  magnets  with  surface  coils  assembled  on  their 
pole  faces  to  compensate  for  misalignment  effects.  The 
different  potential  of  the  two  main  stages  allows  having 
zero  energy  dispersion.  Consequently  the  system  can  be 
set  as  an  energy  achromatic  separator  to  compensate  the 
energy  spread  of  the  source. 

The  transport  section  consists  of  three  90°  bending 
magnets  preceded  by  a  quadruplet  of  electrostatic 
quadrupoles.  The  magnets  of  the  separator  and  of  the 
primary  beam  line  will  be  delivered  in  a  few  weeks;  the 
electrostatic  quadrupoles  have  been  designed;  one 
quadruplet  has  been  manufactured  and  the  other  elements 
are  under  construction. 

5  BEAM  DIAGNOSTIC  AND  SAFETY 

In  order  to  perform  the  beam  diagnostics,  besides  standard 
instrumentation  we  are  going  to  employ  tools  specially 
suited  for  low  intensity  RIBs: 

•  A  scintillating  fibre-based  beam  profile  monitor  that 
can  be  assembled  with  either  plastic  or  glass  fibre 
according  to  the  expected  intensity  range.  This  device 
has  to  be  used  with  high  energy  beams  (after  the 
tandem  acceleration)  and  is  planned  to  be  our 
standard  tool  for  beam  handling  [9]  [10]. 

•  A  gas  detector  employing  a  glass  microstrip  readout 
electrode  (MSGC),  to  be  used  with  high  energy 
beams  in  special  cases  when  the  minimum 
interceptivity  is  required  [11], 

•  A  Csl  (Tl)  based  beam  profiler  for  beams  having  both 
high  energy  and  very  low  intensity.  This  device  is 


also  capable  of  self-calibration  by  single  particle 
counting  in  its  lower  intensity  range.  As  for  the  beam 
identification  we  are  assembling  two  different 
complementary  devices  to  be  placed  respectively 
before  and  after  the  tandem  acceleration. 

•  A  beam  imaging  and  identification  station  based  on 
the  detection  of  the  decay  products  from  radioactive 
ions  implanted  on  an  inert  tape.  This  device  operating 
at  200  keV  before  the  tandem  acceleration  is 
insensitive  to  the  stable  beams. 

•  A  quantitative  and  qualitative  beam  analyser,  to  be 
used  after  the  acceleration,  based  on  a  silicon 
telescope  that  detects  the  beam  particles  scattered 
from  a  thin  gold  target. 

A  robot  will  remove  and  store  the  activated  target-ion 
source  assembly.  The  same  robot  will  then  place  a  new 
assembly.  In  a  similar  way,  activated  parts  from  the  CS 
(electrostatic  deflectors,  dees,  etc.)  will  be  changed  by 
remote  handling.  As  for  the  target-ion  source  assembly, 
the  whole  system  will  be  ready  by  December  1999  while 
the  rest  is  still  under  construction. 

Gaseous  and  liquid  waste  from  activated/contaminated 
areas  will  be  treated  before  release  in  the  environment. 
The  design  for  both  systems  is  ready  and  the  relevant 
mechanical  parts  will  be  ordered  in  a  few  weeks. 
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CURRENT  FEL-OSCILLATOR 
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Abstract 

Properties  of  high  current  free  electron  laser  (FEL)  with  a 
collective  regime  of  electromagnetic  wave  excitation  are 
considered.  Start  value  of  electron  current  in  a  FEL- 
oscillator  and  non-linear  saturation  of  field  excitation  are 
estimated.  Possibility  of  such  device  creation  on  base 
MSU  electron  linear  accelerator  is  discussed. 


1  INTRODUCTION 

In  present,  several  high  current  FEL  facilities  are  under 
construction  and  operation  (  see  for  example  [1],  in 
particular  [2,3]).  A  high  current  FEL  has  a  high 
coefficient  of  signal  amplification  ,  and  this  permits  to 
extend  the  possibilities  to  create  the  coherent  short-wave 
radiation  sources.  The  high  signal  amplification  is  a  result 
of  a  collective  interaction  of  an  electron  beam  with  an 
electromagnetic  wave.  The  latter  can  be  realised  if  the 
density  of  electron  is  sufficiency  high.  With  that  an  intense 
beam  acquires  the  properties  of  optical  waveguide,  and  the 
electromagnetic  radiation  is  concentrated  in  the  beam 
volume  [4],  Therefore  as  it  has  been  shown  in  previous 
paper  [5],  a  high  current  regime  can  be  realised  in  FEL 
having  a  moderate  current  but  low  emittances  of  particles 
that  is  peculiar  for  an  electron  accelerators  of  new 
generation. 

In  present  paper  the  high  current  approach  is  being  used 
to  analyse  the  peculiarity  of  a  scheme  of  FEL-Oscillator 
and  to  estimate  its  start  and  saturation  conditions.  It  is  of 
interest  can  we  have  here  any  application  of  this  scheme 
on  the  MSU  electron  accelerator? 


2  START  CONDITION  IN  HIGH 
CURRENT  FEL  OSCILLATOR 

Consider  a  traditional  scheme  of  a  charged  beam 
generator.  A  system  constructed  along  the  axis  z  consists 
of  undulator  with  a  period  Xo  and  length  Lund  which  is 
located  between  two  mirrors.  The  mirrors  separated  by 
distance  Lm  (  Lm  >  Lund  )  are  forming  an  open  resonator  . 
Along  the  axis  z  in  a  point  placed  before  the  undulator  a 
continuous  beam  of  monoenergetic  electrons  is  being 
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injected  into  the  system  (by  means  of  supplementary 
magnet  system).  The  electron  energy  is  E  =  mc2yL 
where  %  is  Lorenz’s  factor,  the  initial  electron  velocity  is 
v0  =(J0c.  Passing  trough  the  undulator  the  electrons 
acquire  a  transversal  velocity  vx  =  pxc  that  permits 
them  to  interact  with  an  optical  (i.e.  transversal)  wave. 
After  passage  he  undulator  the  electron  beam  is  being 
deflected  from  the  system  (by  means  of  second 
supplementary  magnets). 

Analyse  start  condition  of  high  current  FEL  oscillator.  Let 
an  initial  signal  of  frequency  w  be  brought  in  the 
system.  The  signal  passing  through  the  undulator  can  be 
amplified  by  an  electron  beam  and  then  being  partly 
irradiated  and  reflected  from  the  mirrors  returns  to  the 
initial  point.  Usually  a  start  condition  of  FEL  oscillator  is 
estimated  from  one  if  the  amplification  of  circling  signal 
begins  surpass  its  total  absorption.  But  the  high  current 
FEL  has  its  important  peculiarities. 

An  electron  beam  in  the  undulator  is  an  electromagnetic 
medium  in  which  some  transversal  waves  of  different 
modes  can  propagate  in  both  directions.  An  initial  signal 
is  distributed  among  the  co-travelling  with  beam  waves 
some  of  which  can  interact  with  the  electrons.  Its 
interaction  becomes  resonant  if  the  double  conditions  are 
carried  out: 


O)  —  kc  ;  k  —  k0|30Z  /  (1  Poz)  0) 

where  k  is  a  wave  vector,  k0  =  2rt  /  A,0  , 

Poz=(Po-Pi)1/2. 

Practically  one  can  consider  only  the  mostly  amplified 
wave  among  the  co-travelling  ones  after  passing  the 
undulator  and  only  one  back  travelling  wave  because  an 
electron  beam  do  not  disturb  the  electromagnetic 
oscillations  in  last  case. 

Hence  the  final  balance  of  amplification  and  absorption  in 
system  gives  the  nest  condition  of  reliable  generation  start 
(see  [6]  too): 


(  L„ 


RjR-2  exp 


i  j  (k+  -  k  )dz 


=  1 


(2) 


where  Ri,2  are  the  coefficients  of  wave  amplitudes 
reflection  from  the  first  and  second  mirrors  respectively 
(value  of  R2  includes  the  loss  of  signal  due  to  its 
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irradiation  ),  k+  and  k”  are  the  wave  vectors  of  forward 
and  back  directions  for  given  frequency  and  mode.  Here 
we  take  into  account  that  the  waves  coming  in  and  out 
from  an  electron  beam  are  almost  not  reflected. 

Outside  electron  beam 


and  inside  one 

k+=k  +  8k+;  |Sk+|«k 


Hence  the  equation  (2)  is  reduced  to 


(3) 

(4) 


to  take  into  analysis  the  fact  of  strong  channelling  of 
electromagnetic  radiation  in  the  beam  volume  .  As  a  result 
the  cross-section  of  electromagnetic  flow  becomes 
comparable  with  of  beam  one.  The  electromagnetic  flow 
reflected  from  the  second  mirror  returns  to  the  first  one 
and  then  to  the  undulator  expanding  due  to  a  diffraction. 
As  a  result  the  fraction  of  electromagnetic  flow  returned  in 
the  beam  volume  is  reduced  to  [8] 


abaEk 

2Ld  J 


(10) 


2kLm  +  5k+Lund  =  2ttM  +  i  ln|R,R2|  (5) 

where  M  =  S  -  arg(R,R2)  /  2n ,  S  is  an  integer. 

Separating  the  real  and  imaginary  parts  of  (4)  one  can 
write 


where  ab  E  are  the  radius  of  beam  and  electromagnetic 

flow  canalised  in  it,  Ld  =  2Lm-Lund . 

Finally 

R,  =  F1/2/N+  (11) 


2kLm+Re(8k+)Lund=27tM 

(6) 

Im(8k+)Lund=  -In  |R,R2 1 

This  equation  is  written  for  a  given  value  of  frequency. 
And  the  first  equation  in  (6)  determines  conditions  when 
the  wave  excitation  of  given  mode  is  possible  in  beam 
system.  But  already  after  the  first  wave  circulation,  the 
excitation  of  electromagnetic  oscillations  in  mirror 
resonator  goes  to  play  the  important  role.  Therefore  it  is 
necessary  to  add  the  condition  of  wave  excitation  in  FEL 
resonator  with  the  same  value  of  frequency.  Such 
condition  produces  a  relation  [7] 

2kLm  =2ji  (N+(n+q+ 1  )/2+A)  (7) 


where  N,n,q  are  the  integers,  A  is  a  mode  shift  determined 
by  resonator  parameters. 

The  second  equation  in  (6)  determines  the  start  condition 
for  the  electron  beam  current  Ib.  Really  according  with  a 
solution  of  beam  linear  system  the  increment  of  wave 
excitation  Im(8k+)=  -  Al“  (see  below).  Due  to  this  the 


second  condition  in  (6)  drives  to  the  direct  dependence  of 
start  value  of  Ib  on  RE2 ,  A,  and  a  ones: 


I 


bst 


in|R  t  r  2 1~'  y/ot 

ALund 

/ 


(8) 


The  magnitude  of  a  ~  1/3  -  2/5  for  a  wide  and 
compressed  beam  respectively  [5].  For  the  latter  case 


where  IA=  17  kA,  and  k=koYo2  . 

The  value  of  R2  =  (1-£)1/2  where  factor  e«l  including  the 
fraction  of  electromagnetic  flow  irradiated  through  the 
second  mirror.  To  determine  the  value  of  R]  it  is  necessary 


where  N+  is  the  number  of  forward  travelling  waves  in 
beam  system  (usually  N+  =  2-3  [5,6]). 

On  the  whole  the  collective  regime  indicates  in  FEL  a 
relatively  weak  dependence  of  start  current  value  on  the 
resonator  parameters. 

Basing  on  the  formulas  obtained  above  one  can  get  a 
simple  estimate  of  increment  value  needed  for  lasing.  It  is 
not  difficult  to  see  that  the  spatial  distribution  of  radiation 
field  outside  of  electron  beam  is  been  described  by 
function 

E(r>ab)~Ko(vr)  (12) 

where  Ko  is  Bessel  function  of  imaginary  value,  v2  =  k2  - 
(ce/c)2.  Therefore  the  radiation  beam  radius  aE  =  1/v. 
Using  a  relation  Im(8k+)=  v2/(2k)  we  see  that  Im(8k+)  = 
l/(2kaE  2).  In  result  the  quantity 

£  =  Im(8k+)Lund  (13) 

is  determined  by  the  equation 

C  =  InC  +  lnCT/2  +  T|  (14) 

where  O  =  aE  /ab,  a  parameter  T)  =  1,5-3.  Thus  the  start 
value  of  £st  >2-3. 


3  SOME  COMMENTARIES.  NON-LINEAR 
SATURATION 

Notice  some  important  effects  of  collective  FEL. 
Resonance  electron  accelerators  have  a  micropeaks 
longitudinal  structure  of  beam  with  frequency  of  peaks 
repetition  at  several  GHz.  But  its  length  exceeds  the 
excited  electromagnetic  wave  ones  very  considerable. 
Therefore  all  mentioned  estimates  retain  correct.  But  the 
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main  practical  problem  is  an  exact  concordance  the  return 
of  electromagnetic  signal  with  the  injection  of  next 
electron  peaks.  Besides  the  necessity  of  fine  tuning  of 
optical  resonator  it  is  important  to  take  into  account  that, 
due  to  an  intense  beam  acquires  in  undulator  the 
properties  of  optical  waveguide,  the  phase  velocity  vph  of 
excited  electromagnetic  wave  is  been  reduced,  and 

vph  =  c(  1  -  ReSk+/k)  (15) 

It  is  of  interest  that  this  circumstance  is  very  useful  for  to 
avoid  a  problem  of  lethargy  or  “anti-lethargy”  [9]. 

Then  discuss  one  important  non-linear  effect.  How  long  is 
continuing  the  process  of  electromagnetic  energy 
accumulation  in  FEL  resonator?  Taking  into  account  the 
mechanism  of  electron-electromagnetic  field  interaction 
one  can  conclude  that  a  process  of  electron  energy  transfer 
to  a  radiation  goes  to  be  saturated  after  electron  trapping 
by  the  ponderomotive  wave.  In  spite  of  resonant  tuning, 
the  velocity  of  ponderomotive  wave  becomes  less 
(according  with  (15))  that  the  beam  one.  Longitudinal 
braking  of  particles  is  been  caused  by  the  interaction  of 
particle  with  magnetic  field  H  of  exited  electromagnetic 
wave  and  is  been  described  by  relation 


Let  the  system  and  beam  parameters  be  the  next:  Xo  =  2 
cm,  Lm=  2Lund>  ab  =  0. 1  cm,  aE  =  2-3  ab .  Then  for  a  real 
continuous  beam  the  value  of  ^  st  =  30  mA  is  been  reached 
with  Lund  =  200  cm  and  250  cm  for  the  electron  energies 
1.2  and  2.4  MeV  respectively.  Thus  this  accelerator  can  be 
used  as  FEL  oscillator. 
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me2  yyz 


dt 


= - ev±H 


(16) 


Therefore  trapping  of  electrons  can  realise  if  the  mean 
electric  field  <E>  reaches  to  the  next  saturation  level  (see 
(9)): 


<E>= 


AI“IaY5Pz 

2ck0Lund 


(17) 


Dependence  of  <E>  value  on  FEL  parameter  is  evidence. 

4  FEL  OSCILLATOR  ON  BASE  OF  MSU 
ELECTRON  ACCELERATOR 

In  present  time  in  Institute  of  Nuclear  Physics  of  MSU 
there  is  a  continuous  wave  electron  accelerator  with  the 
particle  energy  of  1. 2-2.4  MeV.  The  device  is  designed 
for  different  atomic  and  nuclear  and  applied  researches.  It 
produces  a  continuous  electron  beam  with  the  average 
current  magnitude  up  to  10-30  mA  and  small  emittance.. 
The  beam  has  a  peak  microstructure  (frequency  of 
repetition  is  2.45  GHz)  with  peak  current  magnitude  up  to 
0.4- 1.5  A. 

The  values  of  y0  =  3.4  -  5.6  permit  to  use  this  accelerator 
for  producing  the  electromagnetic  radiation  in  millimeter 
and  submillimeter  ranges  what  opens  a  very  important 
applications  in  biology  and  so  on.  Estimate  the  start 
current  value. 
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Abstract 

Peculiarities  of  collective  effects  in  polarization  X-ray 
bremsstrahlung  (PB)  which  occur  due  to  coherent 
interaction  of  fast  charged  particles  with  atomic  electrons 
are  discussed.  Results  of  experimental  study  performed  on 
base  of  2.4  MeV  electron  CW  linear  accelerator  of  MSU 
are  reported.  The  predicted  strong  difference  between 
polarization  bremsstrahlung  properties  for  amorphous  and 
polycrystalline  targets  in  important  for  different 
applications  region  of  X-ray  radiation  photon  energies  at 
1-10  keV  is  observed  for  the  first  time  manifesting  clearly 
the  polycrystalline  structure  of  used  aluminium  target.  The 
possibility  of  development  of  a  method  to  test  the 
structure  of  different  substances  with  PB  is  indicated. 

1.  INTRODUCTION 

The  new  emission  mechanism  known  as  the  polarization 
bremsstrahlung  (PB)  is  realised  in  the  process  of  fast 
charged  particle  collision  with  an  atom  and  interpreted 
as  being  due  to  scattering  of  the  equilibrium 
electromagnetic  field  associated  to  this  particle  on 
atomic  electrons  [1],  Usually  PB  properties  are 
investigated  conformable  to  the  process  of  fast  particle 
interaction  with  a  separate  atom.  Meanwhile  theory 
predicts  the  strong  dependence  of  PB  characteristics  in 
condensed  medium  upon  the  structure  of  this  medium. 
The  mentioned  peculiarity  is  stipulated  by  the  great 
enough  value  of  PB  effective  impact  parameter 
comparable  with  a  size  of  atom.  Due  to  this 
circumstance  the  collective  response  of  medium  atoms 
on  the  electromagnetic  perturbation  from  the  side  of  fast 
particle  takes  place  for  the  case  of  condensed  medium. 
In  particular  the  strong  difference  between  PB  properties 
for  the  cases  of  amorphous  and _ 
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polycrystalline  structures  of  a  medium  was  predicted  in 
[2],  The  aim  of  this  work  is  to  research  experimentally 
the  peculiarities  of  relativistic  electrons  PB  in  a 
polycrystalline  aluminium  foil. 

2.  EXPERIMENT 

The  experiment  has  been  performed  at  Institute  of 
Nuclear  Physics  of  Moscow  Lomonosov  State 
University  linac  (a  2.4  MeV  continuos  electron  beam  has 
been  used).  The  block  diagram  of  an  experimental  set-up 
is  traditional.  A  beam  of  accelerated  electrons  with  cross 
section  2  mmx2  mm  is  directed  into  aluminium  foil  with 
the  thickness  of  2  mkm  placed  in  vacuum  chamber. 
Electrons  passing  through  the  target  are  absorbed  in  a 
Faraday  cup.  Photons  emitted  in  the  process  of  relativistic 
electron  beam  interaction  with  the  target  in  X-ray  energy 
range  are  registered  by  a  semiconductor  Si(Li)  cooling 
detector  in  a  small  solid  angle  (-1.5  msr)  given  by  the 
photon  channel  located  at  an  angle  of  90°  with  respect  to 
the  incident  electron  beam  (the  plane  of  the  target  surface 
is  located  at  an  angle  of  45°  to  beam  axis).  The 
distance  between  the  target  and  the  detector  is  about  0.5 
m.  The  described  geometry  is  most  suitable  for  the 
achievement  of  contribution  of  normal  bremsstrahlung 
comparable  with  the  measured  photon  yield.  The 
characteristic  spectrum  obtained  in  the  experiment  is 
presented  in  Fig.  1  simultaneously  with  the  spectrum  of 
external  background  measured  on  condition  of  the  closed 
by  lead  plate  photon  channel.  The  dominant  contribution 
to  total  number  of  registered  photons  is  determined  by 
A1  K  -x-ray  peak  located  in  the  vicinity  of  1.5  keV  (  in 
accordance  with  the  theory  PB  intensity  has  on 
condition  of  the  performed  experiment  a  value  less  than 
1  %  of  Al-K  x-ray  intensity  ).  Therefore  the  spectrum  in 
the  Al-K  x-ray  frequency  range  is  not 
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Figure  1.  Experimental  data:  1  is  signal,  2  is  background 

shown  in  Fig.  1.  The  final  observed  spectrum  is  presented 
in  Fig.  2  without  the  contribution  of  external 


t  t  t 


(III)  (2001  (220) 

Figure  2.  Spectral-angular  distribution  of  PB  intensity. 
Curve  1  is  normal  bremsstrahlung;  curve  2  is  PB  in 
amorphous  aluminium;  curve  3  is  PB  in  polycrystalline 
aluminium  (theory);  curve  4  presents  the  experimental 
data  after  external  background  subtraction. 

background.  The  spectrum  has  been  smoothed  out  in 
the  limit  of  the  detector  energy  resolution  (-200  eV)  in 
order  to  make  use  of  the  accumulated  statistics  in  the  right 
way. 

3.  DISCUSSION 

There  are  some  theoretical  curves  in  Fig.  2.  in  addition 
to  the  experimental  one.  The  curve  1  describes  the 
spectrum  of  normal  bremsstrahlung  intensity  of  relativistic 
electrons  moving  in  an  aluminium.  The  curve  2  describes 
the  spectrum  of  collimated  PB  intensity  of  relativistic 
electrons  moving  in  amorphous  aluminium.  This  curve  is 


calculated  with  taking  into  account  the  effect  of 
isotropic  spectral-angular  distribution  of  relativistic 
particle  PB  [2]  and  the  contribution  of  normal 
bremsstrahlung  as  well.  The  curve  3  describes  the 
theoretical  spectrum  of  PB  intensity  emitted  by  relativistic 
electrons  moving  through  a  polycrystalline  target.  This 
curve  is  calculated  by  the  formula  [2]  with  taking  into 
account  the  contribution  of  normal  bremsstrahlung  and 
coherent  part  of  the  polarization  bremsstrahlung  by 
relativistic  electrons  interacting  with  accidentally  oriented 
microcrystals  constituting  a  polycrystal.  The  incoherent 
part  of  a  fast  particle  PB  in  a  polycrystal  is  suppressed 
strongly  [2].  Therefore  the  PB  yield  in  the  case  of 
amorphous  target  is  greater  than  that  in  the  case  of 
polycrystalline  one  in  the  spectral  region  outside  the 
vicinity  of  coherent  peaks.  Curve  4  presents  the 
corresponding  experimental  data  after  external 
background  subtraction.  The  nature  of  peaks  mentioned 
above  is  analogous  to  that  of  Debye-Scherrer  ones  in  the 
process  of  x-ray  scattering  in  polycrystals  [2].  The 
coherent  PB  peaks  corresponding  to  A1  crystallographic 
planes  (111),  (200),  and  (220)  make  the  main 
contribution  to  PB  yield  on  condition  of  performed 
experiment  (the  calculated  spectral  distributions  of  these 
peaks  are  shown  especially  in  Fig.  3,  each  taken 
separately). 


Figure  3.  The  peaks  corresponding  to  the  coherent 
scattering  of  particle's  coulomb  field  on  crystallographic 
planes  of  aluminium  crystal.  The  curve  1  corresponds 
to  (1 1 1),  2  to  (200),  and  3  to  (220)  planes. 

One  can  see  that  the  position  of  spectral  peaks  contained 
in  measured  spectrum  corresponds  to  theoretical 
prediction.  The  value  of  the  measured  PB  yield  in  the 
vicinity  of  (111)  and  (200)  peaks  is  in  agreement  with  the 
theory,  but  the  essential  discrepancy  between  theoretical 
prediction  and  observed  contribution  of  the  peak  (220) 
takes  place.  The  possible  cause  of  this  discrepancy 
connects  with  the  coherent  Bragg  reflection  of  an  incident 
electron  electromagnetic  field  from  the  texture  being 
available  in  the  surface  layer  of  the  target.  Thus,  the 
spectral  properties  of  PB  of  relativistic  particles  moving 
through  a  polycrystalline  target  differ  strongly  from  that 
manifested  in  the  case  of  relativistic  particle  interaction 
with  an  amorphous  target  in  contrast  to  normal 
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bremsstrahlung  [3].  Taking  into  account  the  difference 
between  observed  spectrum  and  that  obtained  earlier  in 
experimental  investigation  of  PB  by  relativistic  electrons 
moving  through  a  carbon  like  diamond  film  [4]  one  can 
affirm  that  PB  mechanism  is  very  sensitive  to  the  target 
structure.  This  circumstance  is  of  interest  for  the 
elaboration  of  the  new  method  of  solid  structure 
diagnostic  based  on  PB. 

4.  CONCLUSION 

Two  peculiarities  of  PB  by  relativistic  electrons  moving  in 
a  polycrystalline  target  are  observed  in  this  work  for  the 
first  time:  1.  The  spectral-angular  distribution  of  PB 
photons  emitted  in  a  polycrystal  contains  the  sharp  peaks 
appearing  due  to  the  ordered  structure  of  microcrystals 
forming  the  polycrystalline  medium.  2.  The  PB  yield 


from  a  polycrystal  outside  the  vicinity  of  coherent  peaks  is 
suppressed  strongly  in  comparison  with  that  generated  by 
relativistic  particles  in  amorphous  medium 

The  authors  are  very  thankful  to  Professor  B.M. 
Bolotovsky  for  helpful  discussion  on  the  obtained  results. 
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Abstract 

Project  of  high  efficiency  compact  monochromatic 
tunable  X-ray  radiation  source  is  considered.  Special 
magnet  scheme  for  parametric  x-ray  radiation  (PXR) 
generation  arising  in  vicinity  of  Brag  direction  while  an 
electron  beam  multiple  hits  a  crystal  target  is  proposed. 
Peculiarities  of  magnet  system  permitting  stable  electron 
circling  are  discussed.  First  results  of  computer 
simulation  are  reported. 

1.  INTRODUCTION 

In  present  several  kinds  of  relativistic  electron  coherent 
emission  processes  in  condensed  media  are  been  studied 
as  a  candidate  for  quasimonochromatic  highly  directed 
X-ray  source  creation.  One  of  the  most  effective  possible 
x-ray  sources  may  be  basing  on  the  parametric  x-ray 
radiation  (PXR)  of  relativistic  electrons  crossing  a  crystal 
[1-3].  The  essential  shortcoming  of  this  emission 
mechanism  connected  with  a  small  PXR  intensity  is 
stipulating  the  attempts  to  test  the  different  schemes, 
which  would  permit  to  increase  the  photon  yield. 

How  is  it  possible  to  raise  PXR  intensity  of  electrons? 
Evident  step  consists  in  increase  of  target  thickness.  But 
this  way  is  not  efficient.  At  first  that  produces  increasing 
the  angular  dispersion  of  electrons.  A  permissible 
angular  divergence  of  particles  can  not  exceed  here  the 
magnitude  of  cone  angle  of  radiation  flow  that  is  about 
1/y  where  y  is  Lorenz  factor  of  incident  electrons.  Besides 
the  self-absorption  of  generated  photons  becomes  very 
considerable  in  the  substance  of  thick  target. 

Therefore  this  work  is  devoted  to  study  of  the  possibility 
to  create  an  effective  x-ray  source  based  on  PXR  by  low 
relativistic  electrons  crossing  repeatedly  a  thin  crystalline 
target.  The  proposed  arrangement  permits  generate  the 
monochromatic,  polarized,  and  tunable  X-ray  radiation, 
which  can  be  very  widely  used  in  the  different  scientific 
and  other  applications. 

2.  PRACTICAL  SCHEME. 

MAGNETIC  SYSTEM 

Thus,  a  special  scheme  of  PXR  generation  in  which 
+  Email:  grishin@depni.npi.msu.su 


electrons  are  multiple  crossing  a  crystalline  target,  is 
been  considered.  Low  relativistic  electrons  are  been  used 
what  allows  obtain  a  compact  size  of  layout. 

The  suggested  experimental  setup  is  presented  in  Fig.  1 . 


Figure  l.The  scheme  of  experimental  setup.  VC  is  a 
vacuum  chamber,  T  is  a  crystalline  target,  EB  is  an 
electron  beam,  PHC  is  photon  channel  for  PXR,  CHI  and 
CH2  are  channels  for  injection  and  removal  of  electrons. 

Here  in  a  vacuum  chamber  VC,  a  crystalline  target  T  is 
installed.  The  target  is  immersed  in  a  magnetic  field.  The 
electron  beam  EB  is  injecting  through  a  special  channel 
CHI  in  the  work  volume.  Electrons  circling  in  the 
magnet  field  are  hitting  the  target  several  times.  Then 
they  are  been  removed  through  a  channel  CH2.  PXR 
generated  by  electrons  is  been  taken  out  through  a  photon 
channel  PCH. 

A  gist  of  proposal  is  to  force  electrons  to  do  stable 
multiple  crossing  of  target  after  preceded  ones.  For  this 
the  special  configuration  of  magnetic  field  is  considered. 
Here  a  magnetic  field  must  carry  out  two  functions.  The 
first  one  is  ensuring  a  stable  circulation  of  electrons  with 
its  properly  focused  fall  on  the  target.  The  second  one  is 
a  necessity  to  shift  the  rotating  particles  along  the  target. 
A  suitable  field  configuration  can  be  creating  by  means 
of  magnetic  poles  of  a  simple  form.  These  are  two 
parallelepipeds  placed  over  and  below  the  target  and 
stretched  along  it.  The  poles  are  slightly  shifted  across 
target  plane.  In  this  case  the  fields  dispersed  on  poles 
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ridges  are  ensuring  spatial  focusing  of  circling  particles. 
Due  to  a  displacement  of  poles,  mean  magnitudes  of 
fields  are  not  equal  left  and  right  the  target,  and  the  latter 
provides  a  lateral  drift  of  particles.  By  results  of  our 
previous  works  devoted  researches  of  efficiency  increase 
of  usual  bremsstrahlung  source,  the  similar  magnetic 
configurations  provides  reliable  focusing  of  particle  [4], 

3.  COMPUTER  SIMULATION.  EMISSION 
YIELD  CALCULATION. 

For  testing  the  considered  scheme  we  are  applying  a 
method  of  computer  modeling.  The  whole  procedure  of 
modeling  by  a  natural  way  breaks  up  to  two  parts. 
Change  of  energy  of  particles  and  their  dispersion  are 
defined  basically  by  ionization  losses  of  particles  in 
substance  of  a  target.  Casual  drawing  of  these  events  and 
accompanying  radiation  of  bremsstrahlung  quanta,  and 
also  dynamics  of  trajectories  of  particles  in  a  magnetic 
field  are  been  simulated  on  the  basis  of  GEANT  program 
library  [5].  The  process  PXR  is  been  simulated  with  the 
help  of  the  additional  software  package,  in  which  the 
casual  drawing  of  the  acts  of  radiation  PXR  photons  is 
been  described  proceeding  from  the  following  physical 
representations. 

PXR  is  a  process  of  a  fast  particle  coulomb  field  coherent 
scattering  by  a  system  of  crystalline  atomic  planes.  This 
emission  has  been  studied  well  theoretically.  Therefore 
we  are  calculating  the  spectrum  of  the  photons  emitted  by 
an  electron  beam  in  a  thin  crystal  using  the  well-known 
formula  for  PXR  spectral-angular  distribution  (see  for 
example  [6]).  In  our  calculations  we  are  neglecting  the 
dynamical  diffraction  effects  as  well  as  photoabsorption 
because  of  small  enough  emitting  electron  energy  and 
crystal  thickness,  but  taking  into  account  the  influence  of 
emitting  particle  multiple  scattering  in  a  target  and  a 
finite  angular  size  of  a  radiation  collimator.  The  gaussian 
distribution  function  over  beam  electron  scattering  angles 
is  been  used.  The  final  beam  angular  spread  for  the 
previous  interaction  of  an  electron  beam  with  a  target  is 
been  applied  as  an  initial  one  for  the  subsequent 
interaction  because  the  internal  magnetic  field  in  our 
scheme  does  not  increase  a  beam  angular  spread.  The 
orientation  angle  (see  the  emission  geometry  presented  in 
Fig.l)  is  been  selected  to  be  equal  to  a  half  of  inverse 
Lorentz  factor  that  corresponds  to  the  maximum  PXR 
yield  to  small  collimator.  Notice,  that  the  character  PXR 
here  poorly  depends  on  energy  of  electrons,  and  is 
defined  by  length  of  radiation  wave  and  Bragg  angle. 
Therefore  intensity  of  PXR  of  each  particle  grows 
proportionally  to  number  of  its  target  crossings  within 
the  limits  of  indicated  angle. 

Specify  the  basic  physical  parameters  of  modeling.  The 
project  is  oriented  on  using  of  MSU  2.4  MeV  electron 
CW  linear  accelerator  which  produces  the  continuous 


beam  current  up  to  1  mA  and  beam  radius  of  =  1  mm 
(CW  devices  are  the  most  suitable  kinds  of  accelerators 
because  they  can  produce  a  very  high  mean  intensity  of 
PXR).  Hence  Lorenz  factor  is  =  6,  and  angle  of  radiation 
cone  is  about  10°. 

In  an  initial  configuration  Bragg  angle  is  chosen  as  45  °. 
A  silicon  crystal  is  chosen  as  a  material  of  target.  The 
crystalline  target  plane  is  made  in  such  a  manner  that  the 
reciprocal  lattice  vector  <11 1>  is  lying  along  its  surface. 
Basing  on  the  facts  mentioned  above,  the  estimates 
indicate  that  the  optimal  value  of  silicon  target  thickness 
can  be  no  more  than  20-30  mkm. 

The  maximal  magnitude  of  a  mean  current  of  electron 
beam  can  be  estimated  from  following  reasons. 
According  to  work  [7],  average  maximal  beam  current  is 
of  order  0.5  A  at  beam  radius  of  1  mm.  Therefore,  taking 
into  account  displacement  of  particles  along  a  target  at 
their  rotations,  it  is  possible  to  admit  that  the  planned  for 
using  accelerator  can  be  under  operation  in  limiting 
mode. 

In  Fig.  2  and  3  the  first  results  of  simulation  of  particle 
dynamics  are  presented. 


Figure  2.  Spatial  distribution  of  intersection  points  of 
circling  electron  trajectories  with  a  target  plane 
(demonstration  test  with  the  increased  step  of  cross  drift 
of  electrons).  X-axis  is  vertically  directed,  Y-axis  is 
stretched  along  a  target. 


By  this  data,  the  particles  can  make  some  tens 
circulation’s,  and  not  less  than  one-  two  tens  of 
revolutions  are  made  within  the  limits  of  a  demanded 
angle  of  radiation.  With  that  the  mean  PXR  intensity 
reaches  up  ten  W/Sr. 
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Figure  3.  Angular  (near  to  Bragg  angle)  distribution  of 
electrons  crossing  a  target  plane. 

4.  CONCLUSION 

Thus  the  developed  analysis  shows  the  possibility  to 
create  an  effective  compact  x-ray  source  consisting  of  a 
linear  electron  accelerator  with  particle  energy  of  the 
order  of  about  units  MeV,  thin  crystalline  target 
providing  the  generation  of  quasimonochromatic  highly 
directed  tunable  x-rays  on  the  base  of  PXR  mechanism 
and  the  magnetic  system  providing  the  multiple 
interaction  of  emitting  particles  with  a  target. 


Moderate  consumed  power  and  compact  sizes  of  similar 
devices  (compare,  for  example,  with  [7])  open  reliable 
prospects  of  their  wide  and  various  applications. 
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Abstract 

The  Department  of  Energy  has  initiated  its  Stockpile 
Stewardship  and  Management  Program  (SSMP)  to 
provide  a  single,  integrated  technical  program  for 
maintaining  the  continued  safety  and  reliability  of  the 
nation’s  nuclear  weapons  stockpile  in  the  absence  of 
nuclear  testing.  Consistent  with  the  SSMP,  the 
Advanced  Hydrotest  Facility  (AHF)  has  been  conceived  to 
provide  improved  radiographic  imaging  with  multiple 
axes  and  multiple  time  frames.  The  AHF  would  be  used 
to  better  understand  the  evolution  of  nuclear  weapon 
primary  implosion  shape  under  normal  and  accident 
scenarios.  There  are  three  fundamental  technologies 
currently  under  consideration  for  use  on  the  AHF.  These 
include  linear  induction  acceleration,  inductive-adder 
pulsed-power  technology  (both  technologies  using  high 
current  electron  beams  to  produce  an  intense  X-ray  beam) 
and  high-energy  proton  accelerators  to  produce  a  proton 
beam.  The  Scrounge-atron  (a  proton  synchrotron)  was 
conceived  to  be  a  relatively  low  cost  demonstration  of  the 
viability  of  the  third  technology  using  bursts  of  energetic 
protons,  magnetic  lenses,  and  particle  detectors  to  produce 
the  radiographic  image.  In  order  for  the  Scrounge-atron  to 
provide  information  useful  for  the  AHF  technology 
decision,  the  accelerator  would  have  to  be  built  as  quickly 
and  as  economically  as  possible.  These  conditions  can  be 
met  by  “scrounging”  parts  from  decommissioned 
accelerators  across  the  country,  especially  the  Main  Ring 
at  Fermilab.  The  Scrounge-atron  is  designed  to  meet  the 
baseline  parameters  for  single  axis  proton  radiography:  a 
20  GeV  proton  beam  of  ten  pulses,  10  protons  each, 
spaced  250  ns  apart. 

I  INTRODUCTION 

The  Comprehensive  Test  Ban  Treaty  does  not  allow 
nuclear  weapons  tests.  In  order  to  continue  to  certify  the 
safety  and  reliability  of  the  U.S.  nuclear  weapons 
stockpile  in  the  absence  of  nuclear  testing,  the  weapons 
complex  will  require  a  major  new  radiographic  facility, 
the  Advanced  Hydrotest  Facility  (AHF)  [1],  This  facility 
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is  to  provide  multiple  radiographic  pulses  on  multiple 
axes. 

One  of  the  technologies  under  consideration  is  a  high 
energy  proton  beam.  Since  there  is  minimal  experience 
with  protons  as  radiographic  probes,  it  would  be 
extremely  valuable  to  perform  a  series  of  demonstration 
experiments  to  develop  the  tools,  techniques,  and 
understanding  that  will  be  required  to  determine  if  protons 
should  be  the  technology  of  choice  for  the  AHF.  The 
purpose  of  this  research  is  to  determine  if  it  is  possible  to 
build  a  proton  synchrotron  suitable  for  the  experimental 
program  as  quickly  and  economically  as  possible.  To 
accomplish  this,  the  machine  concept  relies  heavily  on 
“scrounging”  equipment  from  other  decommissioned 
accelerators.  As  such,  we  refer  to  the  accelerator  as  the 
“Scrounge-atron”  [2], 

2  DESIGN  PARAMETERS 

The  design  parameters  for  the  Scrounge-atron  are  set  by 
the  experimental  program  requirements.  These  parameters 
are  related  to  image  spatial  resolution,  statistical  variance 
of  the  image  on  a  pixel-by-pixel  basis,  number  of  time 
frames  and  duration  of  frame,  and  repetition  rate  of  the 
machine.  The  design  requirements  are  shown  in  Table  1 . 


Table  1 :  Scrounge-atron  Design  Requirements 


Parameter 

Value 

Unit 

Final  Energy 

20 

GeV 

Repetition  Period 

1 

min 

Number  of  Proton  Bunches 

10 

bunches 

Bunch  Separation 

250 

ns 

Number  of  Protons  /  Bunch 

10" 

protons 

Total  Number  of  Protons/pulse 

uF- 

protons 

The  desired  spatial  resolution  is  less  than  1  mm  full- 
width  at  half-maximum  (FWHM).  This  resolution, 
sufficient  to  identify  image  features  of  interest  to  the 
experimental  program,  is  determined  by  Multiple 
Coulomb  Scattering  (MCS)  in  the  beamline  window 
located  just  downstream  of  the  object.  MCS  in  this 
window  introduces  image  blur,  whereas  MCS  in  the 
upstream  window  and  in  the  object  do  not  contribute  to 
this  blur. 

An  assumption  of  the  design  is  that  the  windows  would 
mitigate  shrapnel  and  blast  shock  wave  but  would  not 
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need  to  guarantee  confinement  of  the  experiment.  This 
allows  aluminum  windows  to  be  used,  or  possibly  a 
composite  material  like  Spectra.  Using  these  materials 
reduces  the  required  beam  momentum  needed  to  achieve  a 
specific  image  resolution.  The  beam  momentum  of  the 
Scrounge-atron  is  chosen  to  be  20  GeV/c. 

The  intensity  requirement  for  a  single  image  is  set  by 
the  area  of  the  imaging  array  and  the  approximate 
attenuation  of  the  beam  pulse  through  the  object  and  the 
other  material  in  the  beamline.  Taking  a  10  cm  x  10  cm 
field-of-view  and  a  detector  at  the  image  plane  with  0.25 
mm  x  0.25  mm  pixels  results  in  1.6  x  105  imaging 
elements.  To  obtain  a  1%  intensity  measurement  for  a 
pixel  requires  roughly  1  x  104  protons  per  pixel  or  2  x  109 
protons  at  the  image  plane.  The  proton  beam  intensity 
decreases  exponentially  in  passing  through  material.  For 
the  purpose  of  estimating  beam  intensities  we  take  the 
total  attenuation  of  protons  through  the  beamline 
windows  and  object  to  be  of  order  0.1-0.01.  To  obtain  2  x 
109  protons  at  the  image  plane  would  require  between  1010 
to  10"  incident  protons  per  beam  pulse. 

The  number  of  beam  pulses  required  for  dynamic 
radiography  can  only  be  chosen  based  on  experimental 
considerations.  Currently  no  radiography  facility  provides 
more  than  2  pulses  on  a  microsecond  time  scale.  We 
choose  to  provide  10  pulses,  spaced  250  ns  apart,  with  a 
20  ns  pulse  width.  These  parameters  are  compatible  with 
the  AHF  requirements.  The  simplest  extraction  scheme 
has  the  entire  beam  extracted  in  one  turn,  i.e.,  with  10 
pulses  equally  spaced  in  time.  The  10  pulses  would  then 
span  roughly  2.5  microseconds.  With  more  complex 
extraction  schemes,  a  single  pulse  might  be  extracted  at 
an  arbitrary  time  allowing  a  variation  in  the  pulse  arrival 
time  format  spanning  hundreds  of  microseconds.  With  10 
pulses,  the  total  intensity  required  in  the  Scrounge-atron 
is  roughly  1012  protons. 

The  maximum  rate  at  which  the  beam  should  be 
delivered  to  the  object  is  set  by  the  detector  data-download 
time  which  is  compatible  with  1  cycle  per  minute. 

3  MACHINE  DESCRIPTION 

Figure  1  shows  the  Scrounge-atron  layout.  It  consists  of 
a  300  MeV  injector  linac,  the  linac-to-ring  transfer  line 
(LTRT),  the  20  GeV  synchrotron,  the  ring-to-radiography 
transport  line  (RTRT),  and  the  radiography  beamline. 
The  main  Scrounge-atron  parameters  given  in  Table  2  are 
roughly  one-tenth  the  values  of  the  Fermilab  Main  Ring. 
Therefore,  we  should  expect  that  the  Scrounge-atron  will 
be  scaled  to  roughly  one-tenth  of  the  Main  Ring.  The 
synchrotron  has  a  periodicity  of  two,  with  a  reflection 
symmetry  within  the  period.  Each  period  contains  a  long 
arc,  which  together  account  for  about  78%  of  the  ring. 
The  arcs  are  joined  together  by  two  insertions,  on 
opposite  sides  of  the  ring.  Injection  equipment, 
extraction  equipment,  and  the  accelerating  cavities  are  in 
one  of  the  insertions  in  the  transfer  enclosure  on  the  linac 


side  of  the  ring.  All  accelerator  components  can  be 
transported  into  the  tunnel  enclosure  through  either  the 
transfer  enclosure  or  through  alcoves  at  the  other  insertion 
and  in  the  middle  of  the  arcs.  Eight  major  power  supply 
utility  substations  are  located  around  the  accelerator;  six 
serve  the  synchrotron  proper,  one  serves  the  linac/klystron 
gallery  and  the  other  serves  the  radiography  beamline. 

The  beam  is  transported  to  the  firing  site  through  the 
RTRT  beamline.  At  the  firing  site  the  beam  enters  a 
radiography  beamline,  consisting  of  a  diffuser,  matching 
lens,  intensity  measurement  station,  first  imaging  lens, 
blast  protection  bullnoses  around  the  object  location,  and 
two  consecutive  imaging  lenses  with  collimators  and 
measurement  stations.  At  either  end  of  the  firing  area, 
bullnoses  protect  the  upstream  and  downstream  beamline 
components  and  enclosures  from  shock  and  shrapnel. 

The  major  civil  construction  consists  of  the  linac 
enclosure,  100  m  long;  the  ring  enclosure,  1030  m  long; 
the  transfer  line  to  the  firing  site,  180  m  long;  and  the 
radiography  beamline  at  the  firing  site,  150  m  long. 


Table  2.  Lattice  Parameters 


1  Parameter 

Value 

Units 

1  Lattice 

Periodicity 

2 

#  Straight  Cells  "CE"/  Period 

6 

#  Bend  Cells  "C"/  Period 

20 

Cell  Length 

19.786 

m 

Ring  Circumference 

1028.851 

m 

I  B1  Type  Dipoles 

Aperture  (H  x  V) 

12.70  x  3.81 

— 

Length 

6.071 

m 

Bending  Angle 

78.540 

mrad 

Bending  Radius 

77.313 

m 

Sagitta 

59.606 

mm 

Ramp  Rate 

2.000 

kG/s 

Number  of  Dipoles 

80 

|  Q4  Type  Quadrupoles  I 

Aperture  (H  x  V) 

12.70  x  5.08 

cm2 

Length 

1.321 

m 

B"  /Bp 

0.0779 

m'2 

Ramp  Rate 

12.045 

kG/m  s 

Number 

104 

|  Drifts  | 

Short  "O" 

1.251 

m 

Long  "D" 

8.572 

m 

Accelerator  Functions  j 

Phase  Advance  /  Cell 

61.2 

O 

!  ipm 

34.072 

m 

3.762 

m 

_ h : _ _ 

7.387 

I  Tune  j 

Qk  -  Horizontal  Tune 

8.84 

£>„  -  Vertical  Tune 

8.82 

t;h  -  Chromaticity 

1.107 
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We  can  meet  the  schedule  and  cost  goals  by  the 
following  design  procedure:  (1)  use  existing  parts  where 
available  and  appropriate,  (2)  if  parts  are  not  available,  use 
existing  designs,  and  (3)  only  if  these  are  not  available, 
design  and  construct  the  required  part.  This  procedure 
minimizes  the  total  amount  of  design  for  the  accelerator. 
This  approach  is  possible  because,  for  most  of  the 
accelerator  systems,  the  characteristics  required  for 
radiography  are  far  below  the  current  state-of-the-art  used 
in  new  accelerators. 

Existing  and  available  elements  include,  from  FNAL, 
120  B1  dipoles,  30  Q4  quadrupoles,  corrector  magnets, 
power  supply  components,  ion  pumps,  heat  exchangers, 
and  Princeton-Pennsylvania  Accelerator  (PPA)  ring  rf 
cavities;  from  Lawrence  Berkeley  National  Laboratory,  a  5 
MeV  pre-injector.  Designs  available  include,  from 
Brookhaven  National  Laboratory,  a  Drift  Tube  Linac; 
from  FNAL,  a  Cavity  Coupled  Linac. 


4  CONCLUSIONS 

The  result  of  research  on  the  Scrounge-atron  concept  as 
described  above  is  that  the  machine  is  technically  feasible 
and  can  be  built  within  anticipated  cost  and  schedule 
constraints.  In  order  to  accomplish  this  task,  the  machine 
relies  heavily  on  the  availability  of  components  from  the 
decommissioned  Fermi  National  Accelerator  Laboratory 
Main  Ring.  The  Scrounge-atron  will  serve  as  a  test  bed 
and  will  provide  important  and  timely  information  to  the 
SSMP  which  cannot  be  obtained  by  any  other  means. 
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Abstract 

The  Pohang  Accelerator  Laboratory  uses  a  100-MeV 
electron  linac  for  the  pulsed  neutron  source  as  one  of  the 
long-term  nuclear  R&D  programs  at  the  Korea  Atomic 
Energy  Research  Institute.  The  linac  has  two  operating 
modes;  one  for  short  pulse  mode  with  the  various 
repetitions  between  2  ns  and  100  ns  and  the  other  for  long 
pulse  mode  with  1  ps.  The  major  beam  parameters  are  as 
follows;  the  nominal  beam  energy  is  100  MeV,  the 
maximum  beam  power  is  10  kW,  and  the  beam  current  is 
varied  from  300  mA  to  5A  depends  on  the  pulse 
repetition.  We  constructed  and  tested  a  test-linac  based  on 
the  existing  equipment  such  as  a  SLAC-5045  klystron, 
two  constant  gradient  accelerating  sections,  and  a 
thermionic  RF-gun.  We  describe  the  characteristics  of  the 
test-linac  and  report  the  status  of  the  pulsed  neutron 
source  facilities  including  a  target  system  and  time-of- 
flight  paths. 

1  INTRODUCTION 

The  nuclear  data  project  as  one  of  the  nation-wide  nuclear 
R&D  programs  was  launched  by  the  KAERI  in  1996  [1]. 
Its  main  goals  are  to  establish  a  nuclear  data  system,  to 
construct  infrastructures  for  the  nuclear  data  production 
and  evaluation,  and  to  develop  a  highly  reliable  nuclear 
data  system.  In  order  to  build  the  infrastructures  for  the 
nuclear  data  production,  KAERI  is  to  build  an  intense 
pulsed  neutron  source  by  utilizing  accelerator  facilities, 
technologies,  and  manpower  at  the  Pohang  Accelerator 
Laboratory  (PAL).  The  PAL  proposed  the  Pohang 
Neutron  Facility  (PNF),  which  consists  of  a  100-MeV 
electron  linac,  a  water-cooled  Ta-target,  and  at  least  three 
different  time-of-flight  (TOF)  paths  [2],  We  designed  a 
100-MeV  electron  linac  [3]  and  constructed  a  test-linac 
based  on  experiences  obtained  from  construction  and 
operation  of  the  2-GeV  linac  at  PAL. 

In  this  paper,  we  describe  the  design  of  a  100- 
MeV  electron  linac  and  then  present  the  status  of  neutron 
facility  PFN  compared  with  other  pulsed  neutron  facilities 
in  the  world. 


'Work  supported  in  part  by  POSCO,  MOST,  and  KAERI 
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2  DESIGN  OF  100-MEV  E-LINAC 

We  assumed  that  the  klystron  is  operated  at  85%  of  its 
maximum  capacity  and  10%  of  the  power  is  dissipated  in 
the  wave-guide  system.  The  energy  gains  attainable  with 
one  SLAC-5045  klystron  for  various  beam  modes  are 
listed  in  Table  1. 


Table  1 .  Electron  beam  modes  and  parameters. 


Mode 

H 

Beam 

Current 

[A] 

Beam 

Energy 

[MeV] 

Beam  Power,  kW 
(RF  pulse  rep.  Rate) 

(180pps) 

(300pps) 

Short 

Pulse 

2 

5 

97 

0.17 

0.3 

10 

5 

88 

0.8 

1.3 

100 

1 

79 

1.4 

mam 

Long 

Pulse 

1000 

0.3 

77 

4.1 

6.9 

*  The  klystron  is  operated  with  the  pulse  repetition  rate 
of  300  pps  and  with  the  RF  pulse  width  of  2-p.s. 


Assuming  a  negligible  beam  loading,  we  can  obtain  100- 
MeV  with  one  SLAC-5045  klystron  in  the  2-ns  operation 
mode.  Table  1  shows  that  we  can  obtain  a  maximum 
beam  power  of  6.9-kW  by  operating  the  klystron  in  the 
pulse  repetition  rate  of  300  pps.  In  the  case  of  the  high- 
power  operation  the  energy  gain  is  reduced  by  a  large 
amount  due  to  the  multi-bunch  beam  loading. 

The  100-MeV  electron  linac  consists  of  an  e-gun, 
an  S-band  prebuncher  and  buncher,  two  accelerating 
sections,  and  various  components,  as  shown  in  Figure  1. 
The  electron  beam  is  generated  either  by  an  RF-gun  or  by 
a  triode  thermionic  gun  for  which  a  Cockcroft-Walton- 
type  DC  voltage  generator  supplies  the  accelerating 
voltage  of  120  kV.  Electron  beams  from  the  e-gun  then 
enter  to  the  bunching  system,  which  consists  of  a 
prebuncher  and  a  buncher.  The  prebuncher  is  a  re-entrant 
type  standing-wave  cavity  made  of  stainless  steel  with  a 
resonant  frequency  of  2,856  MHz.  The  buncher  is  a 
traveling- wave  structure  with  14  cavities  including  the 
input  and  the  output  coupler  cavities.  The  bunched  beams 
are  then  accelerated  to  100  MeV  by  passing  them  through 
two  SLAC-type  accelerating  sections  fed  by  one  SLAC 
5045  klystron. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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RF-GUN 


3  STATUS  OF  NEUTRON  FACILITY 

Pohang  neutron  facility  (PNF)  consists  of  a  100-MeV 
electron  linac,  a  photoneutron  target,  and  at  least  three 
different  time-of-flight  (TOF)  paths. 

3.1  Photoneutron  Target 

High-energy  electrons  injected  in  the  target  produce 
gamma  rays  via  bremsstrahlung,  these  gamma  rays  then 
generate  neutrons  via  photonuclear  reactions.  For  a 
photoneutron  target,  it  is  necessary  to  use  a  heavy-mass 
material  because  the  emission  of  gamma  rays  is  almost 
proportional  to  the  atomic  number  Z  of  the  target 
material  and  to  the  energy  of  the  incident  electrons.  We 
are  considering  tantalum  rather  than  fissile  materials 
because  the  technology  for  handling  and  characteristics 
of  the  targets  are  well  known  [4].  The  neutron  yield 
depends  sensitively  on  the  material  and  the  geometry  of 
the  target.  The  design  of  the  target  system  is  done  using 
the  MC  simulation  codes,  EGS4  and  MCNP4.  The 
target  system,  4.9-cm  in  diameter  and  7.4-cm  in  length, 
is  composed  of  ten  sheets  of  Ta  plate,  and  there  is  0. 15- 
cm  water  gap  between  them,  in  order  to  cool  the  target 
effectively  [5],  The  estimated  flow  rate  of  the  cooling 
water  is  about  5  liters  per  minute  in  order  to  maintain 
below  45  °C.  The  housing  of  the  target  is  made  of 
titanium.  The  conversion  ratio  obtained  from  MCNP4 
code  from  a  100-MeV  electron  to  neutrons  is  0.032. 
The  neutron  yield  per  kW  beam  power  at  the  target  is 
2.0xl012  n/sec,  which  is  about  2.5%  lower  than  the 
calculated  value  based  on  the  Swanson’s  formula  [6]. 
Based  on  this  study,  we  have  constructed  a  water- 
cooled  Ta-target  system. 

3.2  Time  of  Flight  Path 

The  pulsed  neutron  facility  based  on  the  electron  linac 
is  a  useful  tool  for  high-resolution  measurements  of 
microscopic  neutron  cross  sections  with  the  TOF 
method.  In  the  TOF  method,  the  energy  resolution  of 
neutrons  depends  on  the  TOF  path  length.  Since  we 


have  to  utilize  the  space  and  the  infrastructures  in  the 
laboratory,  TOF  paths  and  experimental  halls  are 
placed  in  the  same  level  as  the  main  electron  linac. 
Two  or  three  different  TOF  paths  range  between  10-m 
and  100-m  are  arranged  for  experiments  with  various 
energy  ranges. 

3.3  TOF  Test  Facility 

We  have  constructed  a  test-linac  for  the  various 
R&D  activities  of  the  neutron  facility  by  utilizing  the 
existing  components  and  infrastructures  at  PAL  [7]. 
The  test-linac  consists  of  a  thermionic  RF-gun,  an  alpha 
magnet,  four  quadrupole  magnets,  two  SLAC-type 
accelerating  sections,  a  quadrupole  triplet,  and  a  beam¬ 
analyzing  magnet.  The  test-linac  is  located  in  the  tunnel 
beside  the  PLS  2-GeV  linac. 

After  the  RF-conditioning  of  the  accelerating 
structures  and  the  wave-guide  network,  we  performed 
the  beam  acceleration  test.  The  maximum  RF  power 
from  a  SLAC  5045  klystron  was  reached  to  45  MW. 
The  RF  power  fed  to  the  RF-gun  was  3  MW.  The 
maximum  energy  is  75  MeV  and  the  measured  beam 
currents  at  the  entrance  of  the  first  accelerating 
structure  and  at  the  end  of  linac  are  100  mA  and  40 
mA,  respectively.  The  length  of  electron  beam  pulse  is 
1.8  ps  and  the  pulse  repetition  rate  is  12  Hz.  The 
measured  energy  spread  is  ±1%  at  minimum.  The 
energy  spread  was  reduced  when  optimizing  the  RF 
phase  of  the  RF-gun  and  the  magnetic  field  strength  of 
the  alpha  magnet. 

In  order  to  get  experiences  for  the  TOF  method, 
we  constructed  a  TOF  test  facility  using  the  test-linac. 
The  electron  beam  is  directed  to  a  photoneutron  target, 
which  is  located  about  3  m  below  the  ground  level. 
The  stainless  tube  of  diameter  200  mm  is  used  for  TOF 
tubes.  The  detector  station  will  be  placed  the  second 
floor  of  the  linac  building,  which  will  give  the  flight 
path  lengths  about  15  m.  With  this,  the  test  of  the  Ta- 
target  system  and  a  data  acquisition  system  will  be 
performed. 
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4  COMPARISON  OF  NEUTRON 
FACILITIES 

Neutron  facilities  based  on  the  electron  linac  were  used  to 
support  primarily  the  extensive  nuclear  energy  programs 
during  the  last  few  decades.  Thus,  these  facilities  were 
mainly  used  to  measure  the  high  resolution  microscopic 
neutron  cross  sections,  such  as  neutron  total  cross 
sections,  scattering  cross  sections,  capture  cross  sections, 
fission  cross  sections,  and  others. 

The  design  parameters  for  the  PNF  are  compared 
with  other  pulsed  neutron  facilities  in  the  world  based  on 
electron  accelerators  in  Table  2.  The  table  shows 
information  on  targets,  beam  energies,  beam  pulse 
currents,  pulse  length  and  pulse  repetition  rates,  average 
beam  power,  average  neutron  yield,  and  lengths  of  flight 
paths.  The  average  neutron  yield  is  calculated  by  the 
Swanson’s  formula  [6]. 

According  to  this  table,  the  PNF  is  not  a  best  facility 
in  the  world.  However,  this  facility  will  be  widely  used 
for  basic  and  applied  problems  of  neutron  interaction  with 
matters  and  nuclei  as  well  as  for  the  nuclear  data 
production  in  Korea. 
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Table  2.  Comparison  of  neutron  facilities 


Source/Location 

GELINA 

Geel, 

Belgium 

ORELA 

Knoxville, 

USA 

Gaerttner-  Linac 
Troy, 

USA 

IREN 

Dubna, 

USSR 

KURRI  Linac 
Osaka, 

Japan 

PNF 

Pohang, 

Korea 

Target 

U 

Ta 

Ta 

U 

Ta 

Ta 

Energy  [Me VI 

110 

180 

140 

25-60 

200 

35 

35 

70-  100 

Pulse  Current 
[Al 

100 

20 

0.5 

0.4-3 

1.5 

2.5-6 

0.5 

0.3-5 

Pulse  Width  [nsl 

<1 

3 

1,000 

15  -  5,000 

250 

10-100 

4,000 

2-1,000 

Pulse  Repetition 
[Hzl 

800 

1,00 

0 

1,000 

300-500 

150 

480 

240 

30-300 

Beam  Power 
fkWl 

7.5 

10.8 

70 

>10 

10 

10 

16.8 

0.2-7 

Average  Neutron 
Yield  [10l3n/s] 

3.4 

2.2 

14 

4.0 

2.1 

2.0 

3.4 

-2.0 

Flight  Path  [ml 

8-400 

9-200 

10-250 

10-1,000 

10-50 

10-100 

Status 

Operating 

Operating 

Operating 

Operating 

Planed 

References 

[81 

r9i 

mi 

[121 
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Abstract 

The  highest  time  resolution  of  the  pulse  radiolysis  had 
remained  about  30  ps  since  the  late  1960’s.  To  make 
clear  the  primary  processes  in  the  radiation  chemistry 
and  physics  within  30  ps,  we  developed  a  stroboscopic 
pulse  radiolysis  system  for  the  absorption  spectroscopy 
with  the  time  resolution  of  2.0  ps  (10-90%  rise  time). 
The  time  resolution  of  2.0  ps  was  estimated  from  the 
time-dependent  behavior  of  the  hydrated  electrons.  The 
system  consists  of  a  subpicosecond  electron  linac  as  an 
irradiation  source,  a  femtosecond  laser  as  an  analyzing 
light  and  a  jitter  compensation  system. 

1  INTRODUCTION 

Pulse  radiolysis  is  a  very  powerful  method  to  detect  and 
observe  transient  phenomena  in  radiation-induced 
reactions.  The  first  experiment  in  the  picosecond  regime 
was  carried  out  by  the  picosecond  pulse  radiolysis 
system  of  Toronto  University  with  a  time  resolution  of 
about  30  ps  in  the  late  1960’s  [1].  Since  then,  several 
types  of  picosecond  pulse  radiolysis  systems  were 
developed  [2-4]  and  many  researches  have  been  reported 
on  ultrafast  phenomena  in  radiation  chemistry,  physics, 
biology  and  applied  fields  such  as  material  science. 

Recently,  a  new  picosecond  pulse  radiolysis  system, 
in  which  a  femtosecond  laser  was  used  as  an  analyzing 
light  instead  of  the  Cherenkov  light,  was  proposed  and 
developed  at  the  Institute  of  Scientific  and  Industrial 
Research  (ISIR),  Osaka  University  [5],  [6].  This  system 
covered  the  wide  wavelength  from  ultraviolet  to  infrared 
region  by  using  second  harmonic  generation,  third 
harmonic  generation,  optical  parametric  oscillation 
techniques  and  so  on.  The  time  resolution  was  several 
tens  picoseconds.  The  primary  processes  in  radiation 
chemistry  of  water,  materials  for  microelectronics  and  so 
on  have  been  investigated  using  this  system. 
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Our  pulse  radiolysis  system  by  using  a  femtosecond 
laser  synchronized  to  the  electron  linac  has  a  potential  to 
detect  ultrafast  phenomena  in  the  femtosecond  region 
because  the  pulse  width  of  analyzing  light  is  less  than 
100  fs.  We  attempted  to  construct  a  higher  resolution 
system  for  the  investigation  of  the  primary  processes  of 
the  radiation  chemistry  and  physics  within  30  ps. 

2  STROBOSCOPIC  TECHNIQUE  AND 
TIME  RESOLUTION 

To  detect  ultra  fast  phenomena  in  the  time  region  of 
picosecond,  a  so-called  stroboscopic  technique  is  used 
[1-6].  The  short-lived  intermediates  produced  in  a 
sample  by  very  short  radiation  such  as  electron  beams 
are  detected  by  measuring  the  optical  absorption  of  very 
short  analyzing  light  such  as  Cherenkov  radiation 
(femtosecond  laser  in  our  system).  The  time  profile  of 
the  optical  absorption  can  be  obtained  by  changing  the 
delay  between  the  electron  beam  and  the  analyzing  light. 

The  time  resolution  of  the  stroboscopic  pulse 
radiolysis  depend  on  the  length  of  irradiation  pulse,  that 
of  analyzing  light  and  the  jitter  between  them  (Fig.  1).  It 
does  not  depend  on  the  time  resolution  of  detection 
system  such  as  a  photodiode,  an  oscilloscope  and  so  on. 


Electron  beam 


Laser 


Jitter  Optical  length  (1) 

Refractive  index  (n) 

Fig.  1  Factors  which  limit  the  time  resolution  of 
the  stroboscopic  pulse  radiolysis 


Sample 
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Fig.2  Subpicosecond  pulse  radiolysis  method 


For  the  development  of  subpicosecond  pulse  radiolysis 
system,  a  subpicosecond  electron  pulse,  a  subpicosecond 
analyzing  light  and  precise  synchronization  are 
necessary. 

Furthermore,  the  time  resolution  is  limited  by  the 
difference  between  the  velocity  of  the  light  and  that  of 
the  electron  pulse  in  a  sample.  The  passing  time  of  the 
electron  pulse  through  a  sample  is  given  by  l/(|3c),  where 
1  is  an  optical  length  of  a  sample,  P  the  ratio  of  the 
velocity  of  electron  to  that  of  light  in  the  vacuum  and  c 
the  velocity  of  light  in  the  vacuum.  On  the  other  hand,  in 
the  case  of  light,  the  passing  time  is  given  by  In/c,  where 
n  is  a  refractive  index  of  a  sample.  Therefore,  the  time 
resolution  is  limited  by  the  thickness  of  a  sample.  For 
example,  the  time  resolution  is  limited  to  >1.8  ps  (10- 
90%  rise  time)  at  n  =  1.33  and  1  =  2  mm. 


3  SUBPICOSECOND  PULSE 
RADIOLYSIS  SYSTEM 

Figure  2  shows  the  subpicosecond  pulse  radiolysis 
system.  The  system  consists  of  a  subpicosecond  electron 
linac  as  an  irradiation  source,  a  femtosecond  laser  as  an 
analyzing  light,  and  a  jitter  compensation  system.  A 
sample  was  irradiated  by  a  subpicosecond  electron  single 
pulse.  The  time-resolved  optical 


tube  and  a  focusing  system  [7],  The  magnetic  pulse 
compressor  consists  of  two  45°  sector  magnets,  four 
quadrupole  magnets  and  a  vertical  beam  slit  as  shown  in 
Fig.  3.  The  longitudinal  energy  distribution  of  the 
electron  pulse  was  modulated  so  that  the  energy  of 
electrons  in  the  early  phase  of  the  pulse  was  higher  than 
that  in  the  later  phase  of  the  pulse.  The  phase  of 
accelerating  electric  field  was  70°.  The  peak  energy  of 
accelerated  pulse  was  26.5  MeV.  The  energy  spread 
after  the  modulation  was  9.4  %.  The  pulse  length  was 
approximately  30  ps  at  the  end  of  the  accelerating  tube. 
In  the  magnetic  pulse  compressor,  high  energy  electrons 
in  the  early  phase  take  a  long  path  and  low  energy 
electrons  in  the  later  phase  take  a  short  path.  By 
translating  the  energy  dispersion  into  the  difference  of 
the  trajectory  length,  the  electron  pulse  is  compressed  at 
the  end  of  the  magnetic  pulse  compressor.  This  system 
can  compress  the  30  ps  electron  single  pulse  to 
subpicoseond  [8], 

A  modelocked  Ti:Sapphire  laser  (Tsunami,  Spectra- 
Physics  Lasers,  Inc.)  was  synchronized  to  the  ISIR  L- 
band  Linac  using  a  commercially  available  phase  lock 
loop.  The  frequency  of  the  laser  was  81  MHz.  On  the 
other  hand,  the  ISIR  L-band  Linac  was  driven  by  108 
MHz  RF.  The  frequency  of  27  MHz,  which  is  the 
greatest  common  divisor,  was  used  as  a  common  master 


absorption  was  detected  with  a 
femtosecond  laser  which  was 
synchronized  to  the  electron  pulse.  The 
intensity  of  the  laser  pulse  was  measured 
by  a  Si  photodiode.  The  timing  between 
the  electron  pulse  and  the  laser  pulse 
was  controlled  by  radio  frequency  (RF) 
system.  The  time  profile  of  the  optical 
absorption  could  be  obtained  by 
changing  the  phase  of  the  RF  with  an 
electrical  phase  shifter.  All  equipment 
described  below  was  controlled  by  a 
personal  computer.  The  acquisition  time 
was  1  second  per  one  shot. 

The  ISIR  linac  consists  of  an 
thermionic  electron  gun,  two  108  MHz 
subharmonic  bunchers  (SHBs),  a  216 
MHz  SHB,  a  1300  MHz  accelerating 
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oscillator.  The  jitter  between  the  laser  pulse  and  the 
electron  pulse  was  several  picoseconds  from  the 
measurement  using  a  streak  camera  (Cl 370,  Hamamatsu 
Photonics  Co.  Ltd.). 

In  order  to  avoid  effects  of  the  jitter  between  the 
electron  pulse  and  the  laser  pulse  on  the  time  resolution, 
a  jitter  compensation  system  was  designed  as  shown  in 
Fig.  4.  The  time  interval  between  the  electron  pulse 
(Cherenkov  light)  and  the  laser  pulse  was  measured  by 
the  streak  camera.  The  Cherenkov  radiation  was  emitted 
by  the  electron  pulse  in  air  at  the  end  of  the  beam  line. 
The  laser  pulse  was  separated  from  the  analyzing  light 
by  a  half  mirror.  The  precise  time  interval  could  be 
obtained  by  the  analysis  of  the  streak  image. 


4  PULSE  RADIOLYSIS  EXPERIMENT 

Radiation  induced  reactions  in  the  water  was  observed. 
Distilled  water  was  used  as  a  sample.  The  water  was 
deaerated  in  a  quartz  cell  with  the  optical  length  of  2.0 
mm.  It  is  known  that  a  broad  absorption  due  to  hydrated 
electron  with  the  maximum  at  the  wavelength  of  720  nm 
is  observed  in  neat  water  at  an  irradiation  of  electron 
beam  [9].  The  formation  process  of  hydrated  electrons 
have  been  investigated  by  femtosecond  laser  flash 
photolysis.  It  has  been  reported  that  the  hydrated 
electron  is  formed  on  a  subpicosecond  time  scale  [10-14], 
Figure  5  shows  the  time-dependent  behavior  of  the 
hydrated  electron  obtained  in  the  pulse  radiolysis  at  the 
wavelength  of  780  nm.  The  10-90%  rise  time  was  2.0  ps. 
It  is  found  that  the  time  resolution  of  this  system  is  less 
than  2.0  ps. 


5  CONCLUSION 

The  direct  observation  of  radiation-induced  reactions 
with  the  time  resolution  of  2.0  ps  (10-90%  rise  time)  has 
been  succeeded  using  the  subpicosecond  electron  pulse, 
the  femtosecond  laser  and  the  jitter  compensation  system. 
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Abstract 

We  will  describe  the  development  of  a  thin  film  13C  target 
for  generating  9.17  MeV  gamma  rays  via  a  (p,  y)  reaction 
for  use  in  a  commercial  Contraband  Detection  System 
(CDS)  employing  Nuclear  Resonance  Absorption.  The 
target  required  for  this  system  must  consist  of  a  thin  13C 
film  backed  by  a  high  Z  proton  stopping  layer.  It  must  be 
able  to  withstand  average  proton  beam  powers  of  17.5 
kW,  implanted  ion  doses  greater  than  1019/cm2  and  peak 
power  densities  approaching  50  kW/cm2  for  extended 
periods  of  time.  These  requirements  currently  cannot  be 
met  by  conventional  target  designs  employing  C/Au 
structures.  After  even  short  exposure  times  of  several 
minutes  to  the  proton  beam  the  targets  suffer  from  coating 
de-lamination  and  blistering.  A  new  more  durable  target 
design  has  been  developed  which  suffers  no  such 
degradation  after  many  hours  of  beam  exposure.  The  new 
design  consists  of  a  thin  13C  film  deposited  onto  a  Ta  layer 
which  has  been  brazed  onto  a  Cu  cooling  support. 

1  INTRODUCTION 

The  design  of  the  CDS  accelerator  has  been 
described  previously  [1],  and  operating  characteristics  of 
the  machine  are  given  in  [2,3].  For  full  power  operation  a 
10  mA,  1.76  MeV  circular  spot  beam  is  required  with  an 
rms  radius  of  approximately  2.5  mm.  For  a  Gaussian 
beam  at  95%  beam  fraction  this  gives  an  average  power 
density  of  16  kW/cm2  with  peak  densities  at  the  center  of 
the  spot  about  3-4  times  greater. 

In  order  to  effectively  cool  the  target  a  rotating 
water  cooled  disk  design  was  chosen.  The  thermo¬ 
mechanical  design  is  described  in  detail  in  [4].  The  work 
described  in  this  paper  focussed  on  the  thin  film  target 
design,  testing  and  fabrications,  and  on  the  issues  specific 
to  radiation  damage  associated  with  high  proton  doses. 

The  generic  structure  of  the  gamma  production 
target  consists  of  a  thin  film  of  l3C  (1  -  2p.m)  deposited 
onto  a  high  Z  proton  stopping  material  attached  to  a  water 
cooled  substrate.  At  1.76  MeV  the  range  of  beam  in 
most  suitable  stoppers  is  12  -14  p.m  with  a  straggle  of 
about  2.5p.m.  In  order  not  to  generate  any  gamma  rays 
that  may  interfere  with  the  desired  signal  the  proton  beam 
is  required  to  stop  completely  in  the  high  Z  layer. 

Due  to  programmatic  constraints  target 
development  and  testing  had  to  be  initiated  prior  to  the 
availability  of  the  CW  CDS  accelerator.  This  was  done 
using  the  AES  1.76  MeV  pulsed  linac  capable  of 
providing  20  mA  at  700  ps  and  10  Hz,  and  the  Northrop 
Grumman  VandeGraff  accelerator. 


Figure  1  shows  the  various  configurations  that 
were  tested.  Initially  all  target  testing  was  done  using  5 
cm  diameter  coupons  coated  with  12C  on  various  stopping 
layers  and  substrates. 


Figure  1 .  Target  configurations  we  have  tested. 

The  experimental  program  addressed  the  issues 
of:  fabrication  of  l2C  test  coupons  by  techniques 
extendable  to  ultimate  fabrication  of  a  13C  CW  target, 
measurements  of  target  temperature  rise  during  the  beam 
pulse,  effects  of  implanted  hydrogen  dose,  measurements 
of  gamma  ray  production. 

2  EXPERIMENTAL  RESULTS 

Test  coupons  were  mounted  in  a  water  cooled 
holder  and  exposed  to  the  pulsed  beam  from  the  RF  linac. 
The  expected  temperature  rise  of  the  target  surface  based 
on  the  solution  of  the  Id  heat  equation  for  a  pulsed  heat 
input  is  given  by:  AT=2WV(t/  (7tpck)),  where  p  is  the 
density,  c  the  specific  heat,  k  the  thermal  conductivity, 
and  W  the  power  density. 

Measurements  of  surface  temperature  rise 
during  beam  bombardment  were  performed  using  a 
specially  designed  radiometer  with  a  0.5  mm  spatial 
resolution  and  a  1  (ts  time  response.  These  measurements 
confirmed  that  the  surface  temperature  rise  was 
reasonably  given  by  the  expression  above  provided  that 
the  C  thin  film  did  not  delaminate.  If  target  blistering 
occurred  then  significantly  higher  temperatures  were 
observed  in  localised  areas  where  blisters  were  forming. 

Typical  measured  temperature  rises  during  the 
beam  pulse  were  300  K  to  400  K  depending  on  pulse 
length  and  power  density  used.  Fig.  2  shows  the  results  of 
scans  along  the  major  and  minor  axes  of  an  elliptical  beam 
on  a  sputtered  12C/Hf/Au/Be  target.  The  solid  curves 
show  the  calculated  response. 
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Fig.  2.  Temperature  profile  of  l2C/Hf/Au/Be.  (O) 
Vertical.  I:  10.4mA,  Pulse:  440  ps,  y(rms):  3.1  mm;  (•) 
Horiz..  I:  7.4  mA,  Pulse:  400  ps,  x(rms):  1.9  mm. 

Au  electrodeposited  on  a  variety  of  substrates 
showed  deterioration  of  both  the  carbon  and  Au  layers. 
The  deterioration  of  the  Au  based  targets  was  in  the  form 
of  blister  formation  and  delamination  of  both  the  C  and 
Au  layers  from  their  underlying  substrates.  Fig.  3a  shows 
arc  deposited  C  on  10  pm  of  electrodeposited  Au  on  Be 
after  a  12  hour  beam  exposure  at  10  mA,  500  ps  pulse, 
and  10  Hz  rep  rate.  Delamination  of  the  C  is  evident. 
Fig.  3b  shows  the  development  of  blisters  on  a  C/Au/Cu 
target  where  the  blister  density  increases  at  the  beam  edge 
with  relatively  little  blistering  at  the  beam  center,  and  the 
blister  size  increases  toward  the  beam  center.  The 
development  of  this  type  of  feature  caused  us  to  initially 
question  the  beam  profile,  however  target  temperature 
profiles  as  shown  above,  and  independent  beam  profiles 
obtained  with  an  emittance  scanner  confirmed  that  the 
beam  was  gaussian. 


(a)  ^  (b) 

Fig.  3:  (a)  Sputtered  12C  on  10pm  Au  electrodeposited  on 
Ni  flashed  Be.  Avg.  dose:  1.2el9ions/cm2.  (b)  Arc 
deposited  12C  on  10  pm  Au  electrodeposited  on  Cu. 

This  phenomenon  of  preferential  blistering  at  the 
beam  edge  was  observed  on  several  of  our  samples,  and 
similar  effects  have  been  observed  in  Cu  implanted  with 
30  MeV  a-particles  in  ref.  [5  -  p.291].  This  has  been 
explained  as  being  due  to  the  trapping  of  vacancies 
arriving  from  outside  the  implant  range  at  the  borders  of 
the  gas  rich  area. 

To  test  if  the  observed  blistering  may  not  have 
been  due  to  trapping  of  H  at  the  Au/Be  or  Au/Cu  interface 


due  to  a  film  thickness  comparable  to  the  implant  range, 
tests  were  conducted  with  20  pm  and  40  pm  of  Au 
electrodeposited  on  Be.  These  tests  also  showed 
blistering  of  the  Au  at  average  doses  of  8E18  ions/cm2, 
suggesting  that  this  was  a  fundamental  property  of  the 
Au/H  system. 

Based  on  the  performance  of  the  Au  targets  we 
began  to  investigate  materials  which  were  carbide  formers 
in  order  to  improve  the  adhesion  of  the  C  films  to  the 
high  Z  layer.  Coupons  were  fabricated  by  magnetron 
sputtering  50  nm  of  W  or  Hf  onto  20  pm  of  Au  on  Be 
followed  by  1pm  of  sputtered  C.  Exposure  of  the 
C/Hf/Au/Be  target  to  the  beam  at  a  dose  of  9E18  ion/cm2 
showed  only  very  minor  blistering  with  no  C 
delamination.  Fig.  4a  shows  the  C/Hf/Au/Be  target  after 
beam  exposure.  Some  “wrinkling”  of  the  surface  is 
evident.  Exposure  of  the  W  interlayer  target  to  a 
comparable  dose  showed  the  development  of  small 
blisters  at  the  beam  edge  similar  to  those  observed  in  fig. 
3b,  however  no  C  delamination  was  evident. 


Fig.  4.  Targets  after  beam  exposure,  (a)  C/50  nm 
Hf/Au/Be.  (b)  Thick  W  plate. 

The  difference  between  the  Hf/Au  and  W/Au 
systems  is  in  the  hydrogen  solubility.  Metals  such  as  Mg, 
Al,  Si,  Cr,  Mn,  Fe,  Co,  Cu,  Mo,  Ag,  W,  Pt,  and  Au  form 
simple  solutions,  do  not  form  hydrides  and  are 
endothermic  with  respect  to  hydrogen  solubility.  When 
samples  of  these  metals  loaded  with  hydrogen  at  high 
temperature  are  quenched  they  tend  to  precipitate 
hydrogen  in  the  form  of  bubbles. 

Metals  such  as  Ti,  Zr,  V,  Nb,  Ta,  and  Hf  form 
more  than  one  phase  when  the  simple  solution  is 
saturated,  can  accommodate  relatively  high  hydrogen 
concentrations,  are  strongly  exothermic,  and  can 
accommodate  approximately  1  H  atom  per  metal  atom  [5], 

Irradiation  either  of  W  plate  or  W  sputtered  films 
all  showed  significant  deterioration  after  a  dose  of  5el8 
ions/cm2.  Fig.  4b  shows  an  irradiated  W  plate  with  the 
blister  size  varying  from  approximately  200  pm  at  the 
spot  center  to  <  50  pm  at  the  beam  edge,  and  an  increase 
in  blister  density  at  the  beam  edge. 

These  results  led  to  the  abandonment  of  Au 
based  targets  in  favor  of  0.127  mm  thick  Ta  foils  vacuum 
brazed  onto  Cu.  These  foils  showed  no  visible 
degradation  after  12  hours  of  beam  exposure  and  an 
average  dose  of  1019  ions/cm2  with  a  3  -  5  times  greater 
peak  dose. 
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The  brazed  Ta  on  Cu  structure  has  become  our 
baseline  for  the  first  CDS  targets. 


Fig.  5.  (a)  Sputtered  C  on  brazed  Ta  foil,  (b)  e- 
beam  evaporated  C  on  brazed  Ta  foil.  Dose:  lel9 
ion/cm2. 

Two  deposition  techniques  for  13C  were  used  : 
magnetron  sputtering;  and  electron  beam  evaporation. 
The  advantage  of  sputtering  is  that  we  get  good  film 
adhesion,  relatively  low  substrate  temperatures  are 
required  (<300C),  we  have  the  ability  to  coat  large  areas 
by  rotating  the  target,  and  the  deposition  rate  is  fairly 
uniform.  The  disadvantages  are  the  relatively  high  cost  of 
the  13C  sputter  target  and  poor  sputter  target  utilization. 
This  technique  was  used  to  coat  the  rotating  high  power 
target  described  in  [4].  Electron  beam  evaporation  has  the 
advantage  of  maintaining  a  low  substrate  temperature,  and 
the  ability  to  coat  large  areas.  The  disadvantages  of  the 
process  are  a  non-uniform  deposition  rate  due  to  the 
sublimation  of  13C  from  pressed  powder  pellets,  poorer 
adhesion  than  from  sputtering,  and  more  labor  required 
due  to  less  process  automation. 

Brazed  Ta  on  Cu  targets  were  coated  with  12C 
using  both  of  these  techniques.  These  targets  shown  in 
fig.  5,  were  tested  for  survivability  at  a  dose  of  1019 
ions/cm2  with  no  degradation  of  the  films. 

Experiments  were  conducted  on  the  VandeGraff 
accelerator  to  examine  the  gamma  ray  spectra  of  the 
sputtered  and  electron  beam  evaporated  targets.  Early 
targets  produced  in  the  sputter  chamber  showed  evidence 
of  fluorine  contamination  and  characteristics  fluorine 
lines  were  seen  in  the  gamma  spectra  in  the  region  of  5  to 
7  MeV.  This  contamination  was  found  to  result  from  the 
use  of  fluoridated  pump  oil  in  the  roughing  pump. 

After  switching  to  a  non-fluoridated  oil  and 
cleaning  the  chamber  the  fluorine  spectral  features 
disappeared  from  the  sputtered  targets.  Fig.  6a  shows 
spectra  for  an  evaporated  clean  13C  target,  and  a 
contaminated  I2C  target.  In  the  13C  target  we  can  see  the 
9.17  MeV  gamma  ray  grouping  with  the  first  and  second 
escape  peaks. 

A  target  thickness  measurement  was  performed 
using  the  VandeGraff  on  the  13C  target  by  measuring  the 
gamma  ray  yield  as  a  function  of  proton  beam  energy. 
This  showed  an  energy  width  of  4  keV  implying  at  the 
target  thickness  was  approx.  0.25  pm.  We  have  utilized 
this  measurement  to  calibrate  our  electron  beam 
evaporation  rate  and  have  since  produced  1.0  pm,  1.5  pm 
and  2.0  pm  thick  evaporated  targets.  Fig.  6b  shows  the 


thin  target  response  from  the  VandeGraff  measurements 
and  a  target  response  obtained  on  the  CW  CDS 
accelerator  showing  that  the  target  was  thick  enough  to 
generate  9.17  MeV  gammas  across  the  entire  CDS  beam 


0  1  2  3  4  S  6  7  8  9  1C  *730  1  741  1750  1  7M  U 


Gamma  Energy  [MeV]  Proton  Energy  [keV] 

energy  spread. 


Fig.  6.  (Left)  Gamma  spectrum  showing  F  contaminated 
spectrum  (upper)  and  clean  spectrum  (lower)  with  the 
9.17  MeV  grouping.  (Right)  9.17  MeV  gamma  ray  yield 
curve  measured  on  CDS  accelerator  (■),  and  from  the 
VandeGraff  (•). 


CONCLUSION 

We  have  found  a  baseline  target  configuration 
utilizing  either  magnetron  sputtered  or  evaporated  13C 
deposited  on  Ta  foil  brazed  onto  Cu.  This  configuration 
is  able  to  withstand  high  hydrogen  doses  without 
deterioration  of  either  the  C  or  the  Ta  stopping  layer 
because  of  a  high  hydrogen  diffusivity  and  solubility  in 
Ta,  and  the  ability  of  Ta  to  form  carbides  and  bind  with 
the  C  thin  film.  This  configuration  has  been  operated 
under  pulsed  and  CW  beam  conditions  at  average  doses  of 
1019  ions/cm2  with  no  deterioration.  For  a  clean  gamma 
spectrum  fluorine  containing  pump  oils  must  be  avoided. 
Gamma  yield  measurements  on  the  CDS  accelerator  show 
that  the  target  was  thick  enough  to  use  the  full  proton 
energy  spread. 
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Abstract 


Pulse  radiolysis  is  a  method  of  time-resolved  absorption 
of  the  chemical  spieces.  It  is  able  to  measure  the  reactions 
in  the  time  range  from  sub-ns  to  ms.  The  highest  time 
resolution  has  been  achieved  up  to  100  ps.  Many  primary 
processes  in  the  time  scale  of  ps  or  even  sub-ps  are  still 
remained  to  be  investigated.  A  new  sub-picosecond  pulse 
radiolysis  project  at  Nuclear  Engineering  Research 
Laboratory  (NERL),  University  of  Tokyo,  is  under 
construction.  Generation  of  a  sub-ps  electron  single  pulse 
and  a  fs  Ti:Sapphire  laser  pulse,  and  the  synchronization 
of  them  within  lps  will  be  inevitable  for  this  purpose. 

1  INTRODUCTION 

It  is  widely  recognized  that  the  pulse  radiolysis  technique 
is  very  useful  and  powerful  to  study  chemical  reactions  in 
addition  to  laser  photolysis.  A  large  number  of  the  rate 
constants  of  the  reactions  has  been  measured  and  much 
knowledge  has  been  accumulated  in  liquids,  especially  in 
aqueous  solutions.  Therefore,  the  pulse  radiolysis  method 
has  been  applied  to  various  subjects  such  as  radical 
reactions  in  biology,  medicine  and  atmospheric  chemistry, 
and  radiation  effects  in  nuclear  technology.  At  NERL, 
Univ.  of  Tokyo,  intensive  work  using  the  pulse  radiolysis 
method  has  been  carried  out  not  only  in  aqueous  solutions 
but  also  in  organic  liquids  andAp®Iymeric  systems  [1,2]. 

There  are  two  electron  linear  accelerators  (see  Fig.  1), 
both  of  which  can  provide  single  ps  and  sub-ps  electron 
pulses.  Much  effort  has  been  done  to  reach  the  higher  time 
resolution.  The  time  resolution  of  the  pulse  radiolysis 
method  has  attained  to  100  ps.  Many  primary  processes, 
which  characterize  radiation  induced  reactions,  such  as 
solvation  of  eaq\  anions  and  cations,  geminate  ion 
recombination  and  the  formation  of  the  excited  states  in 
organic  liquids  etc.,  are  still  remained  to  be  investigated. 
These  reactions  take  place  in  the  time  scale  of  ps,  even 
sub-ps.  Thus,  in  order  to  investigate  the  elementary 
processes  of  radiation  induced  phenomena,  the 
development  of  the  experimental  system  with  much 
higher  the  time  resolution  has  been  expected. 

In  this  paper,  the  present  pulse  radiolysis  system  and 
new  system  with  time  resolution  of  ps  and  sub-ps  is 
presented  which  under  construction  at  NERL.  Details  of 
the  new  system  is  presented  taking  into  consideration 
several  technical  subjects  which  affect  the  time  resolution. 


2  PULSE  RADIOLYSIS  SYSTEM 

2.1  Conventional  system 

The  pulse  radiolysis  system  consists  of  pulsed  radiation 
and  analyzing  light  sources  together  with  a 
synchronization  system  for  them.  In  conventional 
systems,  the  35  MeV  linac  is  used  as  the  pulse  of  electron 
source.  The  analyzing  lights  are  cw  and  pulsed  which  are 
selected  according  to  the  time  region  of  target  reactions. 
The  electron  pulses  and  analyzing  light  are  synchronized 
by  the  electrical  devices  including  the  delay  units  and 
phase  shifters.  Change  of  the  analyzing  light  after  passing 
the  sample  solution  and  a  monochromator  is  detected  by  a 
photodetector  and  displayed  on  the  oscilloscope  combined 
with  the  computer  for  data  acquisition  and  analysis. 
Absorption  of  the  analyzing  light  obeys  the  Lambert-Beer 
law, 

log,0(IJD  =  eCl  (1) 

where  /„,  /,  e,  l  and  C  are  the  intensities  of  the  analyzing 
light  without  and  with  absorption,  a  molar  absorption 
coefficient,  the  length  of  the  sample  cell  and  the 
concentration  of  species  of  interest,  respectively. 

The  time  resolution  of  this  system  is  determined  by  the 
speed  of  the  detection  system,  the  photodetector  and  the 
oscilloscope.  This  system  can  achieve  to  sub-ns  only 
when  the  fast  detector  and  oscilloscope  are  utilized. 
Therefore,  a 


Fig.  1.  Synchronization  system 

stroboscopic  method,  so  called  a  pump  &  probe  method, 
should  be  introduced  to  perform  the  experiments  in  a  ps 
scale. 
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2.2  Present  system 

The  stroboscopic  method  (see  Fig.  2)  was  developed  by 
Hunt  in  1968  for  the  first  time.  In  this  method  Cherenkov 
pulses  associated  with  electron  multi-pulses  were  used  for 
the  analyzing  lights  and  the  precise  synchronization 
between  Cherenkov  and  electron  pulses  is  automatically 
fulfilled.  Here,  the  electron  and  Cherenkov  pulses  can  be 
assumed  as  pump  and  probe  ones,  respectively.  The 
intensity  of  /0  can  be  obtained  by  using  a  lead  block  in 
front  of  the  sample  to  avoid  irradiation  and  I  is  taken  under 
irradiation  after  the  optical  delay  line  which  can  adjust  the 
time  delay  [5,  6]. 

As  mentioned  before,  single  ps  electron  pulses  are 
available  and  the  single  65  fs  (rms)  light  pulse  is  also  fed 
by  the  Ti:Sapphire  laser  at  NERL.  In  addition,  the 
synchronization  of  the  electron  and  laser  pulses  with  the 
time  jitter  of  less  than  4  ps  (rms)  is  attainable  as  shown 
in  Fig.  3  [3],  As  the  preliminary  step,  the  picosecond 
pulse  radiolysis  system  was  set  up  as  shown  in  Fig.  1 
before  introducing  the  new  one  which  is  discussed  later. 
The  preliminary  experiments  were  done  to  check  the 
feasibility  of  the  new  system. 

The  fundamental  light  pulse  of  790  nm  from  the 
Ti:Sapphire  laser  was  splitted  into  two  pulses  used  for  a 
reference  and  an  analyzing  light  detected  by  the  two  PIN 
photodiodes.  The  first  measurement  is  to  watch  the 
temporal  behavior  of  the  hydrated  electron  at  790  nm. 
Another  was  a  measurement  of  the  spectrum  of  the 
hydrated  electron  using  a  optical  multi-channel  analyzer 
(OMA)  based  on  after  the  generation  and  splitting  of  the 
white  light  produced  by  the  focusing  of  the  fundamental 
light  in  a  water  cell.  Here,  the  two  white  light  pulses  were 
used  as  the  reference  and  analyzing  lights,  which  were  fed 
into  two  optical  fibers.  The  OMA  consisting  of  the  two 
photodiode  arrays  which  are  sensitive  to  the  wavelength 
region  of  from  200  to  1000  nm  is  a  kind  of  imaging 
spectrograph. 


Fig.2.  Stroboscopic  method  Fig.3.  Synchronization  of 

35L  linac  &  T3  laser 

Obtained  results  are  shown  in  Figs.  4  and  5.  In  spite  of 
the  not  enough  S/N  ratio,  the  formation  of  the  hydrated 
electron  having  the  peak  at  720  nm  was  confirmed.  The 
experiences  obtained  at  this  system  are  useful  to  the  new 
system.  The  delay  was  adjusted  by  the  delay  line  of  the 
cable.  The  timing  between  the  laser  and  electron  pulses 


was  adjusted  by  monitoring  both  the  laser  pulse  and  the 
Cherenkov  radiation  pulse  associated  with  the  electron 
pulse  with  the  femtosecondstreak  camera  (FESCA200, 
Hamamatsu).  The  total  time  resolution  is  evaluated  as 
around  10  ps  (rms),  which  is  determined  by  the  widths  of 
the  electron  (5ps(rms))  and  laser  pulses(65fs(rms)),  the 
timing  jitter  of  the  electrical  synchronization  devices 
(about  ps),  the  time  delay  between  the  electron  and  light 
pulses  after  passing  through  the  1.8  cm  water  cell. 
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Fig.  4.  Time  profile  of  eaq'  Fig.  5.  Optical  spectra  of  eaq' 

3  NEW  PULSE  RADIOLYSIS  SYSTEM 


3.1  Synchronization  system  (see  Fig.  1) 

For  further  development  to  achieve  higher  time 
resolution,  several  technical  subjects  which  govern  the 
time  resolution  should  be  considered.  These  factors  are 
classified  into  the  two;  the  widths  of  the  electron  and 
analyzing  pulses,  and  the  timing  jitter  between  them.  As 
for  the  width  of  electron  pulse,  ps  and  sub-ps  pulses  are 
available  by  using  the  SHB  buncher  and  the  magnetic 
compressing  system,  respectively,  at  present.  The 
analyzing  light  is  fed  from  the  newly  installed  fs 
Ti:Sapphire  (44fs(rms),  0.3TW,  790nm)  laser. 

In  the  present  system  the  synchronization  devices 
provide  the  trigger  pulses  to  the  thermionic  electron  gun 
and  the  Ti:Sapphire  fs  laser  so  that  its  timing  jitter  hardly 
becomes  down  to  1  ps.  Therefore,  the  new 
synchronization  method  is  required.  The  fs  laser  light  from 
the  new  Ti:  Sapphire  laser  is  splitted  into  two  pulses, 
which  are  used  for  electron  pulse  generation  at  the  laser 
photocathode  rf-gun  [7]  and  analyzing  light.  As  the  two 
laser  lights  are  produced  from  the  same  source,  the  timing 
jitter  should  be  rather  small. 

Next,  the  timing  jitter  from  other  sources  is  considered. 
The  first  is  the  jitter  from  the  accelerating  process  in  the 
linac,  namely  the  fluctuation  of  the  accelerating  rf.  In  the 
present  system,  the  two  klystrons  are  used  and  the 
fluctuation  from  the  two  klystron  attributes  the  timing 
jitter.  In  the  new  system,  only  one  klystron  with  higher 
power  (15MW)  Is  employed.  This  can  reduce  mutual  rf 
fluctuation  of  the  two  klystrons.  The  stability  of  the 
modulator  voltage  of  the  klystron  also  contributes  to  the 
timing  jitter.  It  can  be  said  that  the  timing  jitter  of  the 
new  system  would  be  ramarkably  suppressed  compared  to 
that  of  the  present  system.  Of  course,  precise  inspection 
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should  be  done  after  the  construction. 

3.2  Evaluation  of  the  timing  jitter 

The  timing  jitter  including  the  pump-  and  probe-sources 
was  evaluated.  Fluctuations  of  rf  phase  and  power  at  the 
15  MW  klystron  were  measured  to  be  0.2  deg  (p-p)  and 
0.02  dB  (p-p),  respectively.  With  these  parameters,  the 
timing  jitter  of  the  electron  pulse  in  the  acceleration 
process  was  simulated  by  PARMELA  code  to  be  50fs 
(rms).  Considering  the  timing  jitter  at  Ti:Sapphire  laser 
oscillator  to  be  100  fs  (rms),  the  total  timing  jitter 
between  the  electron  and  laser  pulses  is  expected  to  be  less 
than  200  fs  (rms)  in  the  new  experimental  system. 

3.3  Measurement  system  (Fig.  6) 
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Fig.  6.  Measurement  system  of  sub-ps  pulse  radiolysis 
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Total  time  resolution  is  determined  by  both  the  timing 
jitter  of  synchronization  and  the  error  in  the  measurement 
devices.  Since  the  white  light  for  probe  is  obtained  by  the 
non-linear  conversion  from  the  fundamental  light 
(44fs(rms),  790nm),  the  jitter  would  be  100  fs  (rms)  at 
most.  The  accuracy  of  the  delay  line  such  as  the 
reproducibility  of  the  mechanical  stage  causes  additional 
fluctuation.  Furthermore,  the  time  delay  between  the 
electron  and  laser  pulses  after  passing  through  a  sample 
cell  because  of  the  difference  of  their  travelling  speeds  in 
the  medium  must  be  considered.  It  is  clear  from  the 
equation  (1)  that  the  thinner  sample  cell  introduces  the 
smaller  signal  of  absorbance.  Therefore,  it  must  be 
selected  the  optimal  cell  length. 

4  CONCLUSION 

A  new  sub-picosecond  pulse  radiolysis  project  at  NERL, 
Univ.  of  Tokyo  was  introduced  comparing  with 
conventional  and  present  system.  By  this  system,  direct 
measurement  of  the  phenomena  in  the  time  range  from 
sub-ps  to  ns,  for  example,  electron  solvation,  geminate 
ion  recombination  in  organic  liquids  and  migration  of 
electrons  between  organic  and  aqueous  phase  etc.,  is 
expected. 
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FEMTOSECOND  LINAC-LASER  BASED  TIME-RESOLVED 
X-RAY  DIFFRACTOMETRY  FOR  VISUALIZATION  OF 

ATOMIC  MOTIONS 

K.  Kinoshita,  H.  Harano,  S.  Okita,  T.  Ueda,  M.  Uesaka.  T.  Watanabe  and  K.  Yoshii 
Nuclear  Engineering  Research  Laboratory,  University  of  Tokyo, 
Tokai-mura,  Naka-gun,  Ibaraki-ken,  Japan 


Abstract 

We  carried  out  the  time-resolved  X-ray  diffraction 
experiment  where  lOOfs  3TW  laser  and  lOps  X-rays  are 
used  as  pump-and  probe-pulses,  respectively.  We  used 
the  synchronized  femtosecond  electron  linac  and  laser 
system.  Using  lOps  Cu  Kai,2  X-ray  pulses  via  collision 
between  lOps  electron  beam  and  a  Cu  wire,  we  could 
obtain  diffraction  images  from  several  monocrystal 
semiconductors(Si,  GaAs,  Ge),  ion-crystals(NaCl,  KC1) 
and  alkalihalides  (CaF2,  BaF2).  However,  the  change  of 
the  X-ray  diffraction  image  could  not  be  observed 
because  of  surface  damage  due  to  repeated  laser 
irradiation.  In  order  to  get  more  X-ray  photons  and 
perform  single-shot  pump-and-probe  analysis,  we  are 
going  to  proceed  to  laser  plasma  X-ray  based  analysis. 

1  INTRODUCTION 

Synchronized  femtosecond  electron  and  laser  beams  can 
be  generated  and  measured  at  Nuclear  Engineering 
Research  Laboratory,  University  of  Tokyo[l,2,3],  Those 
primary  femtosecond  beams  are  converted  to  far-infrared 
coherent  radiation  and  X-ray  pulses  via  transition 
radiation  and  collision  with  metal  targets,  respectively. 
Thus  we  can  perform  ultrashort  quantum  beam  based 
pump-and-probe  analysis  to  investigate  ultrafast  beam- 
matter  interactions.  Here  atomic  motions  in 
nonequilibrium  thermal  expansion,  ablation,  phase 
transition,  soft-mode  phonon  are  expected  to  be  observed 
as  snapshots  of  X-ray  diffraction  images.  We  proposed 
the  new  time-resolved  X-ray  diffractometry  where 
ultrashort  X-rays  via  electron-metal  collision  is  used  as  a 
probe  pulse  [4],  X-ray  diffraction  images  from  several 
monocrystals  using  lOps  Cu  Kai,2  X-rays  are  presented 
and  future  subjects  to  be  overcome  are  mentioned. 

2  LINAC  BASED  EXPERIMENT 

Experimental  configuration  is  depicted  in  Fig.l.  35MeV, 
10ps(FWHM),  InC  electron  single  bunch  was  irradiated 
with  the  lOOpm1  Cu  wire  to  generate  Cu  Kai,2  X- 
rays(8.048,  8.028keV).  Generation  of  lOps  Cu  Kai,2  X- 


rays  was  confirmed  by  the  numerical  analysis  using 
EGS4  code[4].  The  lOOfs  3TW  Ti:Sapphire  laser[5]  was 
used  as  a  pump  pulse  to  induce  nonequilibrium  thermal 
expansion.  Here  the .  linac-laser  synchronization 
systemf  1]  was  used  to  control  the  delay  time  of  the 
probe-X-rays  from  the  pump-laser. 


Figure  1 :  Configuration  of  the  linac -based  experiment. 

We  used  monociystal  semiconductors  of  Si(lll),  GaAs 
(111),  Ge  (111),  ion  crystals  of  NaCl  (200) 
KC1(200)  and  monocrystal  alkalihalides  CaF2(220), 
BaF2(lll).  X-ray  diffraction  image  is  drawn  on  an  X-ray 
imaging  plate  set  in  the  noise-radiation  shielding  box. 
Laser  energy  per  shot  is  68mJ.  The  number  of  photons  of 
the  X-ray  per  shot  is  estimated  to  be  about  106.  Due  to 
the  limited  solid  angle  at  a  specimen,  only  about  1/100  of 
them  reach  the  specimen.  Thus,  we  need  104-105  times 
repetition  for  the  pump-and-probe  shot.  Cu  Kai,2  X-ray 
diffraction  images  from  all  specimens  were  successfully 
obtained.  The  pump-and-probe  analysis  was  carried  out 
for  a  GaAs  specimen.  However,  its  surface  suffered 
laser-irradiation  damage  before  the  X-ray  diffraction 
image  for  deformed  lattice  was  obtained.  Photograph  of 
the  damaged  GaAs  specimen  and  the  Cu  Kai,2  X-ray 
diffraction  images  influenced  by  the  damage  are  shown 
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in  Fig.2.  The  damage  may  attribute  physical  ablation  or 
photo-chemical  reaction  with  air. 

Let  us  clarify  the  characteristics  of  the  electron  linac 
based  X-ray  diffractometry.  Based  on  the  numerical 
analysis  by  EGS4,  subpicosecond  Cu  Kai,2  X-rays  can 
be  surely  produced.  However,  due  to  lack  of  photon 
numbers,  we  need  many  times  pump-and-probe  shots  to 
get  the  X-ray  diffraction  image.  In  this  case,  the 
phenomena  to  be  observed  have  to  be  nondestructive.  If 
the  phenomena  is  destructive,  we.  should  choose  the  TW 
laser  plasma  based  one. 


Laser-irradiated 


GaAs  wafer  with  damage  due  to  laser  irradiation 


Figure  2:  GaAs  specimen  with  damage  and  Kai,2 
X-ray  diffraction  image. 


lattice  from  measured  X-ray  diffraction  images  in  the 
pump-and-probe  analysis.  The  final  goal  is  the  animation 
of  the  atomic  motions  via  computer  graphics. 


Figure  3:  Configuration  of  the  TW  FS  laser  based 
experiment  and  result. 


3  TW  FS  LASER  BASED 
EXPERIMENT 

When  a  TW  fs  laser  is  irradiated  at  a  Cu  plate,  the 
ablation  occurs  and  the  plasma  is  generated.  Then  hot 
electrons  over  lOkeV  are  also  produced  there.  These 
electrons  can  induce  Cu  Kai,2  X-rays.  The  main 
advantage  of  this  process  is  a  large  number  of  X-rays 
photons  as  about  10"  per  shot,  while  the  drawback  is  its 
long  pulse  width  as  a  few  ps[7].  In  this  case,  it  is 
expected  that  one  laser-and-X-ray  irradiation  is  enough 
to  get  a  diffraction  image.  We  carried  out  Cu  Kai,2  X- 
rays  generation  via  this  process  using  the  2TW  lOOfs 
laser  light.  The  generation  was  confirmed  by  depicting 
the  characters  of  “LPX”  on  the  image  plate  as  shown  in 
Fig.3.  We  are  going  to  use  the  laser  induced  plasma  X- 
rays  in  the  next  step. 


4  NUMERICAL  ANALYSIS 

We  are  developing  a  computer  code  to  calculate  the 
change  of  Cu  Kai,2  X-rays  diffraction  image  due  to 
atomic  motions.  We  have  already  calculated  the  images 
of  deformed  lattices  under  several  assumptions.  Then,  we 
are  going  to  calculate  the  change  of  the  image  due  to 
realistic  nonequilibrium  thermal  expansion,  phase- 
transition  and  soft-mode  phonon.  By  using  this  code,  we 
plan  to  perform  an  inverse  analysis  to  evaluate  deformed 


5  FEMTOSECOND  ULTRAFAST 
QUANTUM  PHENOMENA 
RESEARCH  FACULTY 

The  titled  facility  is  going  to  be  installed  in  the 
laboratory.  Here  the  upgraded  femtosecond  S-band  twin 
linacs  with  lOOfs  stable  Kerr-lens-model-locked 
Ti:Sapphire  laser,  12TW50fs  laser,  X-ray  diffraction 
analysis  devices,  the  X-ray  electron  spectroscopy  device 
and  the  Fourier  transform  infra-red  spectroscopy  device 
are  introduced  as  shown  in  Fig.4. 


I 


Fig.4  Femtosecond  ultrafast  quantum  phenomena 
research  facility. 
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Hundreds  fs  time-resolved  pulseradiolysis  for  radiation 
chemistry  is  available  using  the  first,  while  several  basic 
researches  of  tens  fs  beam  (electron,  ion,  X-rays) 
generation  are  performed  via  plasma  cathode,  plasma 
anode  and  relativistic  nonlinear  Thomson  scattering 
using  the  second.  After  we  have  succeeded  in  the 
generation  experimentally,  we  can  proceed  to  a  variety  of 
tens  fs  time-resolved  pump-and-probe  analyses. 

6  CONCLUSION 

10ps  Cu  Kai,2  X-rays  was  generated  via  lOps  elections- 
Cu  wire  collision  using  the  electron  linac.  Cu  Kai,2  X- 
rays  diffraction  images  were  obtained  for  several 
monocrystals.  Further,  we  produced  picoseconds  laser 
plasma  Cu  Kai,2  X-rays  via  2TW  lOOfs  laser-Cu  plate 
irradiation.  In  order  to  get  X-ray  diffraction  images  from 
deformed  lattices  in  laser-induced  nonequilibrium 
thermal  expansion  by  single  pump-and-probe  shot,  we 
plan  to  use  the  new  12TW  50fs  laser  in  the  next  step. 
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THE  SHIELDING  DESIGN  OF  BESSY  II* 

K.  Ott*,  BESSY,  Rudower  Chaussee  5,  12489  Berlin,  Germany 


Abstract 

BESSY  II  consists  of  a  50  MeV  microtron,  a  maximum 
energy  synchrotron  and  the  1 .9  GeV  storage  ring.  The  in¬ 
vestigations  of  the  radiation  types  occuring  at  those  ma¬ 
chines  dependent  of  the  electron  energy,  target  and  shield¬ 
ing  materials,  observating  angles  and  geometric  aspects  are 
well  established,  often  condensed  in  semi-empiric  formu¬ 
las  and  in  good  agreement  with  the  results  of  the  Monte 
Carlo  programs  EGS4  and  FLUKA.  But  as  important  as 
the  pure  physical  aspects  of  radiation  are  for  a  shielding 
design  the  operating  times  and  modes  and  the  considera¬ 
tion  of  possible  crash  scenarios.  We  present  here  a  new 
approach  of  considering  failure  operating  probabilities  at 
electron  storage  rings  based  on  years  of  radiation  and  op¬ 
erating  observations  of  BESSY  I.  The  shielding  design  of 
BESSY  II  was  developed  using  a  C++  class  library  which 
includes  the  most  recent  models  for  all  radiation  types  and 
the  new  failure  operating  probability  approach.  Calcula¬ 
tions  and  first  measurement  results  of  the  commissioning 
are  presented  too. 

1  LAW  AND  BUILDING  UTILIZATION 

For  a  shielding  design  of  an  electron  storage  ring  facility 
are  as  relevant  as  the  physical  parameters  the  conditions 
given  by  law,  operating  times  and  planned  utilization  of 
machine  and  building.  In  Germany  the  annual  personal 
doses  of  radiation  workers  (category  B)  and  non-radiation 
workers  are  limited  to  15  mSv/a  and  5  mSv/a  respectively. 

If  local  doses  can  be  higher  than  15  mSv/a  (2000  h  stay) 
the  respective  area  is  a  so  called  control  area  in  which  only 
radiation  workers  with  personal  dosimeters  have  access. 

If  at  any  failure  operating  (e.g.  closed  valve  in  the  stor¬ 
age  ring  and  full  injection  rate)  the  dose  rate  in  an  area 
could  be  higher  than  3  mSv/h  this  area  is  a  so  called  re¬ 
stricted  area.  Such  an  area  has  to  be  secured  with  a  personal 
safety  system,  so  that  entering  of  it  result  in  an  immediate 
stop  of  radiation  production. 

The  area  accessible  for  the  generality  is  named  general 
area  and  has  an  annual  dose  limit  of  0.3  mSv/a. 

We  decided,  to  hold  this  limit  at  the  outer  edge  of  the 
experimental  hall,  which  would  result  in  having  no  more 
than  2  mSv/a  within  the  experimental  hall. 

The  next  design  criterium  was  that  the  service  area  and 
the  roof  of  both  storage  ring  and  synchrotron  should  be 
used  for  technical  installations  and  so  should  be  as  accessi¬ 
ble  as  the  experimental  hall  with  similar  doses. 

*  funded  by  the  Bundesministerium  fur  Bildung,  Wissenschaft, 
Forschung  und  Technologie  and  by  the  Land  Berlin 

t  Email:  ott@bessy.de 


Figure  1 :  BESSY  II  overview 


A  further  condition  was  that  synchrotron  and  storage 
ring  could  be  used  independently  to  allow  storage  ring  con¬ 
struction  during  synchrotron  commissioning  and  later  easy 
access  for  attendance  work. 


2  OPERATING  OF  BESSY  II 

For  shielding  design  purposes,  one  has  to  distinguish  be¬ 
tween  two  cases  of  storage  ring  (synchrotron)  operation: 

a)  The  machine  is  used  just  to  inject  and  produce  syn¬ 
chrotron  radiation  (user  mode). 

b)  The  machine  is  used  for  machine  tests,  machine  ex¬ 
periments  and  some  phases  of  the  commissioning  (machine 
test  mode). 

The  two  modes  differ  considerable  in  electron  losses  and 
crash  probabilities. 
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Table  1 :  Operating  times  user  mode 


Operating  of  the  storage  ring  /  day 

24 

h 

Operating  of  the  storage  ring  /  year 

6000 

h 

Injections  /  day 

5 

Injections  /  year 

1200 

Operating  of  the  synchrotron  /  injection 

15 

min 

Operating  of  the  synchrotron  /  year 

300 

h 

Table  2:  Operating  times  machine  test  mode 


Weeks  for  machine  tests  /  year 

12 

Injections  /  day 

10 

Injections  /  year 

600 

Operating  of  the  synchrotron  /  injection 

15  min 

Operating  of  the  synchrotron  /  year 

150  h 

3  PHYSICAL  ASPECTS 

The  main  contribution  of  the  radiation  doses  at  electron 
storage  rings  causes  from  the  electron  losses  during  the 
short  injection  periods.  When  electrons  hit  under  small  an¬ 
gles  the  vacuum  system  bremsstrahlung  is  produced.  This 
bremsstrahlung  causes  electron  positron  pair  production 
and  therefore  an  electron  photon  cascade  with  a  maximum 
energy  at  about  1  MeV  [3].  The  bremsstrahlung  also  causes 
with  (7,n)  processes  giant  resonance  neutrons  and  fast  neu¬ 
trons  with  quasi  deuteron  fission  [8].  The  energy  spectrum 
of  the  giant  resonance  neutrons  is  mainly  determined  by 
the  material  of  the  target  (vacuum  system)  and  the  in  case 
of  steel  it  is  similar  to  the  Cf  spectrum  with  a  maximum  at 
1  MeV  [7].  The  production  of  myons  in  electro-magnetic 
cascades  at  electron  accelerators  is  relevant  for  radiation 
safety  from  several  GeV  electron  energy  on.  Because  of 
an  energy  of  1.9  GeV  at  BESSY  II  the  radiation  caused  by 
myons  is  two  to  three  orders  of  magnitude  smaller  [2]  than 
the  doses  caused  by  neutrons  and  gamma  radiation  outside 
the  shielding  walls,  so  it  is  neglectable  for  this  case. 

The  activity  of  the  primary  cooling  circuit  water  (without 
lsO  r  2  min)  at  DESY  synchrotron  is  about  0.37  Bq/1  [6], 
Radioactive  substances  are  not  given  to  the  environment 
with  water  at  BESSY  II  because  of  holding  the  cooling  wa¬ 
ter  of  all  machine  components  in  closed  cooling  circuits. 

The  activation  of  accelerator  components  is  at  electron 
accelerators  three  orders  of  magnitude  lower  than  at  proton 
accelerators,  because  the  activation  is  made  here  by  sec¬ 
ondary  and  ternary  radiation.  Another  important  point  is, 
that  at  electron  storage  rings  and  synchrotrons  the  electron 
acceleration  operates  in  pulsed  mode  therefore  reducing  the 
radiation  power  to  a  few  watts.  So  altogether  the  activation 
of  components  of  electron  storage  rings  is  typical  6  orders 
of  magnitude  lower  than  at  proton  or  heavy  ion  accelera¬ 
tors. 

Copper  can  cause  some  activation  problems  (20  /xSv/h 
in  0.5  m  distance)  if  exposed  direct  to  the  electron  beam. 


Synchrotron  radiation  is  absorbed  in  the  vacuum  sys¬ 
tem  at  BESSY  II  with  the  exception  of  wave  length  shifter 
beamlines  with  critical  energies  about  10  keV. 

Gasbremsstrahlung  at  BESSY  II  can  be  about  300  mSv/h 
for  normal  pressure  [4]  and  requires  25  cm  lead  for  absorp¬ 
tion. 


4  ELECTRON  LOSSES 

We  will  give  here  an  overview  over  the  electron  losses  at 
BESSY  II.  The  electron  losses  are  for  the  most  part  results 
of  the  machine  components  and  there  possibilities  of  oper¬ 
ating  and  therefore  close  to  an  optimized  state  of  the  ma¬ 
chine. 


Microtron  intern 
Microtron  extracted  beam 
Transferline  microtron-synchr. 
Injection  losses  synchr.  (a) 


Injection  losses  synchr.  (b) 


70% 

15  MeV 

crash 

only 

5% 

50  MeV 

70% 

50  MeV 

puls 

1  /is  —  >  300  ns 

single 

turn  injection 

50% 

50  MeV 

RF  3  GHz 

-  >500  MHz 

Injection  losses  synchrotron  (relation  4:3:3)  to 
Injection  septum  40  % 

Extraction  septum  30  % 

1 0  Point  sources  (10m)  30  % 

Extraction  losses  synchrotron 

(a)  16%  1.9  GeV  kicker  puls  50  ns/300ns 

(b)  25%  1.9  GeV  Septum  channel 

Without  extraction  recirculation  to  10  -  20  MeV 
Losses  to  components  (relation  4:3:3) 


Injection  losses  storage  ring 
Transferline  SY2ST  10%  1.9  GeV 

Injection  septum  channel  30%  1.9  GeV 

24  Point  sources  (10  m)  40%  1 .9  GeV 


Min.  injection  time:  32.9  sec  for  9.98  •  10u  e-  (200mA) 


5  FAILURE  HANDLING 

The  above  result  of  30  second  injection  time  to  fill  the  stor¬ 
age  ring  has  to  be  considered  as  an  optimized  state. 

The  worst  cases  are  total  electron  losses  at  one  place 
with  full  injection  rate.  The  newer  models  are  optimized 
for  typical  target  geometries  and  observation  angles  at  ac¬ 
celerators.  So  the  dose  rates  can  be  predicted  with  good 
accuracy.  But  the  approaches  to  estimate  an  annual  dose 
from  the  possible  failure  operating  scenarios  differ  widely. 

One  approach  is  the  opinion,  that  those  failure  scenarios 
seldom  occur  and  so  there  contribution  to  the  annual  dose 
is  neglectable  [5].  Another  approach  is  that  at  every  ma¬ 
chine  component,  as  specified  in  the  last  section,  5  %  or 
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10  %  of  the  annual  operating  time  such  a  worst  case  sce¬ 
nario  occurs  [6],  For  the  storage  ring  BESSY  II  the  first 
approach  would  result  in  a  0.5  m,  for  the  second  in  a  1.5 
m  thick  shielding  wall.  Both  approaches  are  not  easy  to 
defend.  The  first  because  of  obvious  reasons,  the  second 
because  of  the  fact,  that  the  machine  components  have  to 
be  considered  as  a  chain,  so  that  the  resulting  annual  crash 
times  must  be  too  pessimistic.  Both  approaches  have  the 
community,  that  they  do  not  represent  the  daily  operating 
of  a  storage  ring  adequately.  An  operator  is  expected  to  fill 
a  storage  ring  (if  no  ramps  are  necessary)  in  a  few  minutes. 
So  a  crash  scenario  which  lasts  hours  is  unrealistic.  The 
second  point  is,  that  storage  rings  are  not  optimized  to  de¬ 
crease  the  injection  time  to  the  lowest  possible  level,  they 
are  optimized  to  fulfill  the  requirements  of  the  users  which 
are  often  in  contradiction  to  a  good  machine  performance. 
The  third  point  is,  that  the  injetion  times  are  usually  short, 
so  also  for  synchrotron  and  microtron  a  more  stable  oper¬ 
ating  state  is  as  least  as  important  as  a  state  with  a  higher 
performance  but  more  unstable  conditions. 

So  we  start  a  new  approach  with  the  ansatz,  that  a  typ¬ 
ical  injection  time  is  longer  than  the  optimal  case.  From 
the  experiences  at  BESSY  I  we  chose  a  lengthening  factor 
of  3  for  the  user  mode,  and  a  factor  of  30  for  the  machine 
test  mode.  The  reason  for  the  lengthening  must  be  a  failure 
function  of  one  of  the  machine  components  as  specified  in 
the  last  section  with  equal  probability.  The  failure  function 
or  crash  probabilities  follows  results  from  the  lengthening 
factors.  So  we  differ  between  four  modes.  The  user  ( 1 )  and 
the  machine  test  mode  (3)  and  the  user  (2)  and  machine 
test  mode  (4)  with  failure  functions.  Te  result  for  the  an¬ 
nual  operting  times  for  the  four  modes  for  every  machine 
component  is  then: 

i 

=  tmax  ■  JJ(1  -  Pu)  (1) 

k=l 

i  —  1 

t\2)  =tmax-Pu  ■  JJ(l-JV)  (2) 

k= 1 

» 

tf0  =  tmax  ■  JJ(i  -  Pm)  (3) 

Jfc  =  l 

t—  1 

=tmaX-PM  -JI^-Pm)  (4) 

k= 1 

Pi j  is  the  failure  function  probability  for  the  user  mode, 


Pm  for  the  machine  test  mode. 

The  tjyiQx  are. 

tmax  User  mode 

300 

h/a 

tmax  User  mode  injection  time 

20 

h/a 

tmax  Machine  test  mode 

150 

h/a 

tmax  Machine  test  mode  injection  time 

100 

h/a 

6  RESULTS 

The  outer  wall  of  the  storage  ring  is  dimensioned  1  m  nor¬ 
mal  concrete  and  at  the  beamline  angles  1  m  heavy  concrete 
with  5  cm  lead  stripe  (beam  height  ±  20  cm),  at  the  injec¬ 
tion  10  cm  lead  and  10  cm  lead  transversal  of  the  injection 
septum.  The  outer  wall  of  the  synchrotron  is  dimensioned 
1.1  m  normal  concrete. 

The  inner  normal  concret  walls  and  the  roofs  of  both 
storage  ring  and  synchrotron  are  0.7  m  thick.  The  roofs 
are  of  heavy  concrete  above  the  area  between  extraction 
septum,  transferline  synchrotron  storage  ring  and  injection 
septum. 


Table  3:  Storage  ring,  point  source  transversal  outside 
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The  complete  calculated  annual  dose  is  1.74  mSv/a, 
which  is  similar  to  the  measured  value  for  1998  of  1.2 
mSv/a.  (3.8  mSv/a  at  injection).  The  measured  7  doser- 
ates  are  close  to  the  calculated  values,  the  measured  neu¬ 
tron  doserates  are  typically  a  factor  of  two  lower  than  the 
calculations. 
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EVALUATION  OF  TARGET  OPTIONS  FOR  ADVANCED  RADIOGRAPHY 

FACILITIES 


D.  Sanders,  S.  Sampayan,  R.  Neurath,  LLNL;  M.  Krogh,  AlliedSignal,  FM&T 


Abstract 

Initial  results  indicate  that  electron  beams  hitting  targets 
used  to  generate  x-rays  during  multipulse  operation  in 
advanced  radiography  facilities  will  generate  plasma 
plumes  which  will  disturb  the  electron  beam  during 
subsequent  pulses.  This,  in  turn,  potentially  can  degrade 
the  x-ray  spot  quality  generated  by  the  subsequent  pulses. 
If  this  concern  is  substantiated,  new  facilities  such  as  the 
Advanced  Hydrotest  Facility  (AHF)  will  need  a  provision 
for  mitigating  this  effect.  One  such  provision  involves 
moving  the  target  with  sufficient  velocity  that  any  plasmas 
formed  are  carried  adequately  far  from  the  electron  beam 
that  they  do  not  disturb  it.  We  report  the  various 
approaches  which  have  been  considered  and  present  data 
showing  the  maximum  target  rates  which  can  be  achieved 
with  each  approach. 

1  DYNAMIC  TARGET  DEVELOPMENT 

Development  of  a  dynamic  target  delivery  scheme 
required  study  of  several  relatively  mature  technologies. 
Those  investigated  as  candidates  include  high  velocity  fly 
wheels,  shape  charge  jets,  and  two  types  of  high 
performance  guns  (burning  propellant  and  compressed  gas 
driven  versions  or  as  they  are  better  know  two-stage  light 
gas  guns).  All  of  the  systems  investigated  offer  their  own 
distinct  advantages  relative  to  the  others;  however,  each 
also  has  its  own  particular  weakness  when  compared  to 
the  design  requirements  for  the  intended  application. 
DARHT  (Dual  Axis  Radiography  Hydrodynamic  Test 
facility)  and  AHF  (Advanced  Hydrodynamic  test  Facility) 
require  high  dose  X-ray  pulses  at  very  fast  repetition  rates. 
The  energy  deposited  in  target  materials  to  create  these 
high  X-ray  doses  causes  it  to  vaporize  and  ionize  leaving  a 
hole.  Fresh  material  must  be  positioned  in  its  place  before 
the  next  X-ray  pulse  can  be  delivered  from  the  system. 
The  primary  function  of  a  dynamic  target  is  to  fulfill  this 
material  replacement  need. 

The  problem  statement  used  for  determination  of 
suitability  for  a  given  solution  can  be  simply  stated  as 
followed: 

•  Deliver  fresh  material  to  the  interaction  area  before 
the  next  pulse  is  required. 

•  Suppress  or  redirect  the  evolved  plasma  out  of  the 
electron  beam  path  to  avoid  disturbance  of  beam 
focus. 

•  Use  materials  of  the  proper  cross  section  (high  Z)  to 
maximize  the  radiation  dose  for  a  given  energy  input. 

•  Deliver  the  target  material  to  the  same  location  every 
time  the  system  is  operated. 

•  Deliver  the  same  amount  of  material  to  the  interaction 
region  for  every  X-ray  pulse. 


All  of  the  normal  methods  for  accelerating  materials  to 
high  velocities  were  considered.  Explosively  driven  flyer 
plates  (plates  of  material  propelled  in  a  direction  normal 
to  the  plate  surface)  while  providing  adequate  velocity,  are 
not  orientated  properly  with  respected  to  the  electron 
beam  without  extensive  development  of  current 
technology.  Electrically  driven  rail  guns  were  also 
determined  not  provide  the  necessary  velocity. 

The  flywheel  offers  a  significant  advantage  over  all  of 
the  other  methods  because  it  does  not  need  to  be 
synchronized  with  other  hardware  in  the  system  or  the 
object  to  be  flash  X-ray  photographed.  The  velocities 
required  to  deliver  fresh  material  to  the  interaction  region 
may  be  greater  than  can  be  obtained  with  existing 
materials  or  composites.  The  best  speeds  are  on  the  order 
of  3mm/psec  velocity  at  the  tip  of  the  rotor.  With 
development,  the  technique  might  reach  a  value  of  4 
mm/psec  which  could  be  adequate  to  replace  material  for 
subsequent  pulses.  Flywheels,  by  their  nature,  store  large 
amounts  of  energy.  Figure  1,  shows  that  the  flywheel 
stores  the  greatest  amount  of  energy  of  the  approaches 
considered. 
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Figure  1:  Comparison  of  energy  for  different  dynamic 
target  approaches. 

Introduction  of  stress  risers  in  the  surface  by  punching 
holes  in  them  with  an  electron  beam  introduces  the 
potential  for  failure  and  instant  release  of  this  energy.  If  a 
flywheel  concept  is  chosen,  care  will  need  to  be  taken  to 
provide  for  adequate  containment  in  case  such  failure 
occurs.  The  need  to  manage  the  destabilizing  effects  of 
the  ion  /  plasma  plume  generated  during  beam  interaction 
with  the  target  will  require  an  additional  technique  for 
plasma  management  since  fly  wheels  do  not  provide  the  8 
mm/psec  velocity  calculated  to  be  required  for  such 
plasma  management  through  target  motion  alone. 
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Shape  charged  jets  offer  the  advantage  of  a  very  short 
cycle  time  for  the  total  operation  of  injection  of  the  target 
material.  They  also  can  reach  the  required  velocities.  The 
explosive  is  mounted  relatively  close  to  the  electron 
interaction  region  and  could  be  used  to  deliver  material  on 
demand  under  conditions  where  only  a  few  microseconds 
pretrigger.  This  distinct  advantage  is  mitigated  by  the  fact 
that  the  jet  of  material  expelled  from  the  explosive  is  not 
of  a  constant  cross  section.  Dimensions  as  small  in 
thickness  as  1  millimeter  (which  is  the  thickness  of 
tantalum  currently  required)  are  very  difficult  to  obtain 
with  this  method.  The  density  of  the  jet  is  normally  on  the 
order  of  90%  of  solid  density.  Variability  in  the  size  of 
this  material  jet  from  shot  to  shot  as  well  as  along  it’s 
length  in  a  particular  stream  of  material  makes  delivery  of 
a  constant  X-ray  dose  more  difficult.  This  issue  could  be 
investigated  through  experiment  along  with  contained 
management  of  debris  generated  by  the  blast. 
Experiments  are  currently  being  designed  to  evaluate  the 
precision  with  which  a  jet  can  be  placed  in  both  time  and 
space,  the  uniformity  of  the  jet  that  can  be  achieved,  the 
management  of  the  gases  from  the  explosion,  and  the 
management  of  the  shock  wave  from  the  explosion.  At 
this  time,  this  is  one  of  the  two  approaches  that  can 
potentially  deliver  the  necessary  velocity. 

The  other  approach  which  can  deliver  the  8mm/|isec 
thought  to  be  necessary  for  plasma  management  is  a  light 
gas  multiple  stage  gun.  Figure  2  shows  a  series  of 
experiments  indicating  that  necessary  velocities  have  been 
achieved  by  a  number  of  organizations  using  a  number  of 
gun  designs. 
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Figure  2:  Experience  of  several  organizations  with  high 
velocity  guns.  [1] 

Research  guns  are  currently  under  development  (see 
F1VL  Goal  in  Figure  2)  seek  to  double  this  velocity.  An 
advantage  of  gas  gun  systems  is  their  ability  to  deliver  a 
predefined  target  geometry.  Target  projectile  shape  is 
defined  before  the  gun  is  loaded  and  therefore  can  be  well 
controlled.  This  ability  allows  the  amount  of  material  to 
be  act'ed  upon  by  the  electron  beam  to  be  kept  constant 
from  pulse  to  pulse  and  hence  a  more  constant  X-ray  dose 
from  the  system  could  be  expected.  The  final  selection 
criteria  which  makes  the  compressed  gas  version  of  the 
gun  more  attractive  than  the  propellant  style  gun  is  the 
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issue  of  the  uniformity  of  powder  charges  from  lot  to  lot 
of  powder  produced  by  the  manufacturer.  Compressed  gas 
versions  of  the  gun  minimize  barrel  fowling,  cleaning 
issues,  and  lot  variability  is  removed  from  the  list  of 
potential  problems  causing  jitter  in  the  operation  of  the 
gun  system.  Propellants  are  also  very  susceptible  to 
temperature  effects.  Cold  powder  charges  burn  at 
different  rates  than  those  that  are  ignited  when  the  powder 
is  hot  before  ignition. 

The  compressed  gas  version  of  the  two-stage  gun  is 
currently  favored  over  an  explosively  driven  version. 
Calculations  have  been  performed  with  a  basic  two-stage 
system.  The  strategy  chosen  for  this  calculation  was  to 
select  a  standard  baseline  firing  configuration  and  evaluate 
timing  of  critical  events.  Gas  gun  parameters  that  might 
affect  launch  times  were  compiled  along  with  narrow 
ranges  of  these  parameters  within  ranges  where  they  can 
be  controlled.  Assuming  the  use  of  explosively  driven 
valves,  these  calculations  indicate  that  a  total  system  jitter 
for  a  gun  capable  of  delivering  a  projectile  at  a  rate  of 
7.5mm/|isec  will  have  an  uncertainty  in  delivery  of  that 
projectile  of  2-3  jisec.  This  uncertainty  or  “jitter”  defines 
the  length  of  target  necessary  to  assure  that  target  material 
is  hit  by  the  accelerator  electron  beam  at  the  appropriate 
time. 

Stability  of  the  gun  from  a  shot  to  shot  perspective  is 
greatly  a  function  of  the  ability  to  measure  accurately 
temperature,  pressure,  and  wear  in  the  gun  barrels. 
Precise  instrumentation  for  measurement  of  these 
parameters  is  readily  available.  Since  the  target  projectile 
never  leaves  the  barrel,  it  is  fully  constrained  in  all 
directions  except  down  the  axis  of  the  gun  bore,  allowing 
accurate  positioning  of  the  target  relative  to  the  electron 
beam  to  be  only  a  function  of  velocity.  Utilization  of  a 
gas  gun  does  force  certain  limitations  on  the  overall 
systems  capabilities.  The  total  gun  cycle  time  is  on  the 
order  of  5  milliseconds  and  little  adjustment  can  be  made 
to  modify  the  flight  time  or  speed  of  the  target  projectile 
after  the  gun  has  begun  to  operate  at  the  pre-selected 
parameters.  Leakage  of  gas  around  the  projectile  is  also 
of  concern  because  it  may  affect  the  electron  beam. 
Theoretical  and  experimental  work  is  planned  to  alleviate 
the  concern  in  these  areas.  Testing  of  this  type  could  be 
done  on  existing  guns  and  scaled  to  fit  flash  X-ray  criteria. 
It  should  be  noted  that  at  the  time  of  this  publication  target 
material  experiments  are  still  in  progress  to  determine  if 
the  target  material  plasma  and  ion  interactions  with  the 
beam  are  a  real  concern  or  of  negligible  effect  to  the 
overall  system  performance.  The  basic  gun  operating 
values  satisfy  the  requirements  for  delivery  of  a  dynamic 
target,  but  it  remains  to  be  demonstrated  that  targets  with 
geometry  leading  to  required  x-ray  generating  properties 
can  be  moved  by  gas  guns  to  the  required  velocity. 


2  CONCLUSIONS 

An  evaluation  has  been  started  to  determine  the  best 
method  to  deliver  a  fast  moving  target  normal  to  the 
electron  beam  in  proposed  rapid  multipulsed  radiography 
facilities.  Rail  guns,  flyer  plates  and  fly  wheels  were 
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considered  and  eliminated  from  further  consideration  they 
fail  to  deliver  the  necessary  velocity  of  8  mm/|isec,  or  in 
the  case  of  the  flyer  plate,  do  not  provide  the  target 
material  properly  orientated  with  respect  to  the  electron 
beam.  Both  gas  guns  and  explosively  driven  shaped 
charges  have  the  potential  for  delivering  the  necessary 
velocity.  Experiments  are  currently  underway  to  address 
remaining  concerns  with  each  approach  and  to  minimize 
the  risk  associated  with  fielding  the  one  which  is  chosen 
for  implementation. 


The  work  was  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  LLNL  under  contract  W-7405-ENG-48. 
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RADIATION  ENVIRONMENT  RESULTING  FROM  MAIN  INJECTOR 
BEAM  EXTRACTION  TO  THE  NUMI  BEAM  LINE  * 

A.  I.  Drozhdin,  P.  W.  Lucas,  N.  V.  Mokhoyt.  C.  D.  Moore,  S.  I.  Striganov,  FNAL,  Batavia,  IL 


Abstract 

A  120  GeV  Main  Injector  proton  beam  will  be  delivered 
to  the  NuMI  beam  line  at  Fermilab  at  the  rate  of  3.7  x  102t> 
per  year.  Realistic  Monte  Carlo  simulations  have  been  per¬ 
formed  to  examine  the  radiation  environment  in  the  beam 
extraction  system  and  NuMI  beam  line  elements.  A  com¬ 
plete  3-D  model  of  the  160  meter  extraction  region  has 
been  implemented  utilizing  the  computer  code  MARS.  The 
model  includes  a  description  of  the  field  of  the  electrostatic 
septa  and  POISSON  calculated  field  maps  of  the  Lambert- 
son  magnets  and  the  other  lattice  components  in  the  area. 
The  beam  element  alignment  and  the  source  term  have  been 
simulated  using  the  code  STRUCT.  Results  on  beam  losses 
in  the  system,  energy  deposition  in  the  core  elements  and 
residual  dose  rates  on  the  components  are  presented. 

1  INTRODUCTION 

The  projected  intensity  for  the  NuMI  project  of  4  x  1013  pro¬ 
tons  extracted  at  120  GeV  from  the  Main  Injector  every 
1.867  s[  1]  can  result  in  a  severe  radiation  environment^]. 
To  explore  this,  full-scale  Monte  Carlo  simulations  with 
the  STRUCT[3]  and  MARS[4]  codes  are  performed  for  the 
beam  loss  and  showers  induced  in  the  Main  Injector  and 
NuMI  beamline  elements. 

2  SOURCE  TERM  AND  BEAM  LOSS 

The  Main  Injector  lattice  with  all  the  optics  elements  in 
the  extraction  system  region,  electrostatic  deflector,  three 
modules  of  the  Lambertson  magnet,  and  the  NuMI  beam¬ 
line  components  have  been  implemented  into  the  simula¬ 
tion  codes.  The  Lambertson  magnet  modules  are  rotated 
with  respect  to  the  longitudinal  axis  by  0.22  rad,  0.098  rad 
and  0.037  rad,  correspondingly,  to  bend  the  extracted  beam 
out  of  the  accelerator  in  both  vertical  and  horizontal  planes. 
All  essential  details  of  the  accelerator  and  NuMI  beamline 
elements  are  taken  into  account  in  the  simulations.  The 
beamline  is  aligned  with  respect  to  the  extracted  beam  axis 
to  prevent  primary  proton  loss  anywhere  but  at  the  electro¬ 
static  deflector  wires.  Extracted  and  circulating  beam  den¬ 
sities  at  the  entrance  to  the  electrostatic  deflector  ES  are  cal¬ 
culated  as  in[5]  for  the  Main  Injector  circulating  beam  emit- 
tance  of  307T  mm-mrad  and  shown  in  Fig.  1 . 

The  ES  wire  distribution  and  other  septum  details  are 
assumed  as  in  [6].  Two  cases  of  septum  wires  are  stud¬ 
ied,  2  and  4  mil,  or  0.0508  and  0.1016  mm,  correspond- 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH00300  with  the  U.  S.  Department  of  Energy. 
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Figure  1:  Circulating  (black)  and  extracted  (gray)  beam 
horizontal  phase  space  on  the  ES  septum. 

ingly.  A  105  proton  sample  in  the  extracted  beam  is  taken 
in  the  calculations.  About  2.5%  of  those  hit  the  2-mil  elec¬ 
trostatic  deflector  wires,  and  twice  that  fraction  the  4-mil 
wires.  Some  of  these  protons  interact  inelastically  with  the 
tungsten  nuclei  generating  secondary  particles  responsible 
for  radiation  fields  in  the  immediate  vicinity  of  the  ES.  The 
others  lose  a  small  fraction  of  their  energy,  getting  an  an¬ 
gular  kick  due  to  multiple  Coulomb  and  elastic  scattering 
and  electric  field,  resulting  in  long-range  beam  losses  both 
in  the  machine  and  the  NuMI  beamline.  Fig.  2  shows  the 
calculated  proton  flux  at  the  downstream  end  of  the  2-mil 


x  (cm) 

Figure  2:  Proton  flux  (cm-2)  at  the  ES  exit. 
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wire  septum.  The  /3-function  in  the  beamline  after  the  ES 
and  calculated  heat  load  to  the  beam  pipe  due  to  high  energy 
protons  lost  in  the  studied  sections  are  shown  in  Fig.  3. 


Path  length,  m 


Path  length,  m 


Figure  3:  NuMI  beamline  /3-function  (top)  and  beam  loss 
distribution  in  the  accelerator  and  in  the  beamline  (bottom). 

A  fine  structure  of  the  lost  proton  distribution  along  the 
first  1 60  m  of  the  beampipe  is  given  in  Fig.  4  for  4-mil  wires. 
One  sees  that  most  protons  are  lost  on  the  septum  and  im¬ 
mediately  downstream  resulting  in  high  radiation  levels  in 
the  first  50  meter  region.  The  second  peak  is  at  the  Lambert  - 
son  magnet  as  expected.  In  the  2-mil  wire  case,  the  particle 
loss  on  the  pipe  in  the  first  50  meter  region  is  about  three 
times  lower,  resulting  in  a  more  favorable  radiation  envi¬ 
ronment.  The  peak  at  the  Lambertson  is  about  the  same. 
Fig.  5  shows  calculated  proton  beam  densities  at  the  Lam¬ 
bertson  magnets.  The  aperture  of  the  quadrupole  between 
the  first  and  second  Lambertson  magnets  is  an  ellipse  of 
RIxRJ/=61x27  mm2.  To  eliminate  the  extracted  proton 
loss  in  the  quadrupole,  the  beam  orbit  needs  to  be  moved 
at  extraction  by  8x--A.5  mm  and  <Jy=-11.5  mm,  using  for 
example  the  Main  Injector  beam  orbit  correctors. 

3  PROMPT  AND  RESIDUAL 
RADIATION 

3.1  Septum  Heating 

Although  a  fraction  of  the  beam  hitting  the  4-mil  wires  is 
twice  that  of  the  thinner  wire  case,  the  peak  energy  depo¬ 
sition  density  is  about  the  same  in  both  cases.  It  peaks  at 
the  beam  center  at  about  10  cm  from  the  upstream  end  and 
decays  exponentially  along  the  septum  to  negligible  values 
at  about  200  cm.  Thermal  analyses  have  been  performed 


Pain  length  (Z).  cm 

Figure  4:  Proton  distribution  along  the  beampipe  for  the  4- 
mil  wires  of  the  electrostatic  septum. 
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Figure  5:  Proton  beam  transverse  distribution  at  the  first, 
second  and  third  Lambertson  magnets. 
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Figure  6:  MARS-ANSYS  calculated  peak  temperature  in 
the  2-mil  ES  septum  wires  vs  time  for  five  sequential  120 
GeV  proton  pulses  of  4x  1013  ppp  separated  by  1 .867  s. 


3.2  Equipment  Activation 

Equipment  activation  is  rather  high  in  the  vicinity  of  the 
ES  and  in  the  Lambertson  magnet  region.  The  calculated 
residual  dose  rate  on  the  outer  surface  of  the  components  is 
presented  in  Fig.  7  for  tj=30  day  irradiation  and  tc=l  day 
cooling.  The  rates  at  the  two  hot  locations  are  rather  high. 
They  go  down  approximately  as  1  /r  with  distance  from  the 
beamline,  and  can  be  re-scaled  to  other  irradiation/cooling 
conditions  via  log(ti/tc). 

4  CONCLUSION 

The  results  of  this  study  indicate  that  there  will  be  manage¬ 
able  thermal  effects  from  the  desired  intensity  but  the  resid¬ 
ual  radiation  levels  in  the  extraction  area  will  be  very  high. 
For  the  case  given  in  Fig.  7  one  observes  that  maintenance 
issues  must  be  addressed  for  both  the  extracted  beam  line 
components  and  the  near  by  components  of  the  Main  Injec¬ 
tor  itself.  Longer  irradiation  times  and  a  desire  for  access 
after  shorter  cooldown  periods  could  lead  to  a  several-fold 
increase  in  the  dose  rates  shown  in  Fig.  7. 


with  ANSYS  using  the  MARS  calculated  energy  deposition 
density  distribution  in  the  wires  made  of  75%  tungsten  and 
25%  rhenium.  It  is  assumed  that  the  initial  temperature  is 
300  K,  and  the  wire  ends  are  kept  at  the  handler  temperature 
of  300  K.  The  calculated  peak  temperature  at  the  wire/beam 
center  at  the  shower  maximum  (z~  1 0  cm)  for  the  2-mil  case 
is  shown  in  Fig.  6  vs  time  for  five  sequential  pulses  sepa¬ 
rated  by  1.867  s.  The  wires  are  cooled  nicely  between  the 
pulses  with  no  temperature  build-up.  The  maximum  tem¬ 
perature  rise  is  720  K,  which  corresponds  to  the  maximum 
temperature  of  747°C. 
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Figure  7;  Residual  dose  rate  on  the  outer  surface  of  the 
Main  Injector  and  NuMI  beamline  components  due  to 
30  days  of  irradiation  at  the  averaged  over  that  period  pro¬ 
ton  intensity  of  1.6x  1013  p/s  and  after  1  day  cooling. 
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Abstract 

In  1998  the  CERN  SPS  accelerator  finished  a  five  years 
long  program  providing  450GeV  proton  beams  for 
neutrino  physics.  These  experiments  required  the  highest 
possible  beam  intensity  the  SPS  can  deliver.  During  the 
last  five  years  the  maximum  proton  intensity  in  the  SPS 
has  steadily  been  increased  to  a  maximum  of  4.8  1013 
protons  per  cycle.  In  order  to  achieve  these  intensities  a 
careful  monitoring  and  improvement  of  the  vertical 
aperture  was  necessary.  Improved  feedback  systems  on 
the  different  RF  cavities  were  needed  in  order  to  avoid 
instabilities.  Also  the  quality  (emittance  and  extraction 
spill)  of  the  injector,  the  CERN  PS,  had  be  optimised. 


1  GENERAL  LAYOUT  OF  THE  SPS 
CYCLE. 

In  Fig  1  a  typical  SPS  cycle  is  shown  as  it  was  used  for 
the  last  five  years  during  the  high  proton  intensity 
running: 

Two  lOpsec  long  batches  are  injected  from  the  CPS  in 
order  to  fill  the  whole  ring.  The  injection  energy  is  14 
GeV.  The  two  injections  come  in  with  a  1.2sec  time 
interval. 

The  beam  is  then  ramped  up  to  450  GeV,  crossing 
transition  at  23.6  GeV.  The  maximum  intensity 
accelerated  up  to  now  is  4.86  1013  protons/cycle. 

At  445  GeV  a  first  fast  resonant  extraction  (FRE1)  takes 
place.  An  intensity,  up  to  1.81013  protons,  is  extracted  on 
the  half  integer,  in  straight  section  6  (fig  2).  The  spill  (fig 
3),  6  msec  long,  is  controlled  by  a  quadrupole  kicker.  The 
pulse  shape  of  this  kicker  is  controlled  by  an  IGBT 
(Insulated  Gate  Bipolar  Transistor)  in  order  to  obtain  an 
as  flat  as  possible  maximum  [1].  This  beam  is  sent  to  the 
neutrino  experiment. 


section  2  and  6.  The  phase  advance  between  6  and  2  is 
put  exactly  set  to  9  betatron  oscillations  in  the  horizontal 
plane.  The  spill  length  is  2.3  sec  and  the  extracted 
intensity  can  go  up  to  2  1013  (fig  4). 


At  450  GeV,  a  shared  slow  resonant  extraction  (SSRE)  on 
the  third  integer,  takes  part  of  the  beam  out  in  straight 
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The  remaining  beam  is  extracted  for  neutrino  physics  by 
a  second  fast  resonant  extraction  (FRE2)  on  the  half 
integer,  in  straight  section  6.  The  spill  is  6  msec  long  and 
the  extracted  intensity  can  go  up  to  1.8  1013  protons. 

FS1 


0  2  4  6  8  10  12 


Fig  3  :  Typical  spill  of  the  fast  resonant  extraction. 


Fig  4  :  spill  off  the  shared  slow  extraction  (2.3  sec  long). 


After  the  proton  physics  cycle  there  are  two  LEP 
injection  cycles  (  3.5  GeV  -  22  GeV)  for  positrons  and 
electrons. 

At  the  end  there  is  a  26  GeV  injection  plateau  which  is 
used  for  machine  studies  on  the  future  LHC  beam. 


2  MAJOR  STEPS  TO  INCREASE  THE 
PROTON  INTENSITY. 

Since  1993  the  intensity  of  the  SPS  proton  beam  has 
increased  from  3.5  1013  protons  /cycle  to  4.86  1013  protons 
/cycle.  This  progress  was  achieved  by  the  following 
measures: 

•  The  proton  intensity  per  CPS  pulse  was  raised  to  3 
10°  protons  per  cycle 

•  The  CPS  improved  the  control  of  the  extracted  beam 
(5  turn  extraction)  in  order  to  avoid  peaks  in  the  spill 
which  give  rise  to  very  harmful  peak  power  in  the 
feedback  for  the  superconducting  cavities.  These 
cavities  are  used  for  lepton  acceleration  and  are 
actively  damped  during  the  proton  cycle. 

•  A  better  “alignment”  of  the  five  extracted  turns  in  the 
CPS  could  be  obtained,  so  that  they  arrive  with  the 


same  angle  and  position  in  the  SPS,  improving  the 
overall  emittance  of  the  injected  beam. 

•  The  vertical  aperture  of  the  SPS  was  continuously 
monitored  with  bump  scans  and  beam  loss  analysis. 
The  bottle  necks  could  be  removed  by  re-aligning 
certain  elements  and  exchanging  magnets  with 
distorted  vacuum  chambers  inside.  The  aperture 
increased  form  21mm  to  37mm  (at  (3= 100m)  over  the 
last  five  years. 

•  Thanks  to  a  yearly  realignment  program  of  the 
quadrupoles,  the  natural  closed  orbit  distortion 
(without  corrections)  could  be  reduced  to  2.3  mm 
rms  in  the  horizontal  plane  and  1.2  mm  rms  in  the 
vertical  plane.  Hence  less  corrector  strength  is 
needed  and  the  closed  orbit  correction  could  be 
extended  form  14  GeV  to  50  GeV  resulting  in 
reduced  losses  at  transition. 

•  The  super  conducting  cavities  that  are  used  for  lepton 
acceleration  were  more  efficiently  damped,  using  a 
feed  forward  loop  and  a  one- turn  feedback  [2]. 

•  The  betatron-  and  dispersion  mismatch  at  injection 
were  carefully  measured  and  could  be  reduced  to  less 
than  10%  [3], 

•  Another  problem  with  high  intensities  is  the  frequent 
sparking  of  the  electrostatic  septa.  The  ion  traps 
inside  the  septa  had  to  be  trimmed  carefully  to 
empirical  values  in  order  to  reduce  the  spark  rate. 

All  these  measures  improved  the  overall  transmission  in 
the  machine  and  a  record  intensity  of  4.86  1013  could  be 
reached.  The  loss  pattern  in  the  optimised  machine  is  the 
following  : 

•  8%  to  12%  losses  at  CPS  extraction. 

•  0%  to  2%  losses  at  injection  in  SPS. 

•  2%  losses  at  start  of  acceleration  (capture  losses). 

•  2%  to  3%  losses  at  transition. 

•  1  %  to  2%  losses  at  extraction 

•  5%  to  10%  losses  splitting  and  transfer  to  targets  for 
the  neutrino  beam  there  is  no  splitting,  and  the 
transfer  losses  are  negligible. 

The  gradual  improvement  over  the  last  years  can  be  seen 
form  fig  5  where  the  total  number  of  protons  delivered  to 
all  targets  is  plotted.  The  total  number  of  protons  on  the 
neutrino  target  is  shown  in  fig  6. 
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Fig  5  :  Total  proton  intensity  on  targets  for  the  last  five 
years.  The  long  period  without  production  in  1997  was 
due  to  a  fire  in  BA3. 


Total  number  of  protons  on  neutrino  target 
over  last  five  years 
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Fig  6  :  total  intensity  on  the  neutrino  target  over  the  last 
years. 
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Abstract 

The  two  cleaning  insertions  in  the  LHC,  for  betatron  and 
momentum  collimation,  are  optimized  for  an  ideal  lattice 
and  collimator  jaw  setup.  We  have  studied  a  collimation 
beam  line  with  randomly  generated  jaw  misalignments  and 
quadrupole  field  and  alignment  errors,  the  resultant  distor¬ 
tion  of  the  reference  orbit  being  corrected  with  the  help  of 
monitors  placed  near  critical  collimators.  Different  closed 
orbit  errors  and  beam  shapes  are  considered  at  the  entrance. 
We  report  the  level  of  errors  for  which  no  corrections  are 
needed  and  the  level  for  which  corrections  are  not  possible. 

1  INTRODUCTION 

The  optics  of  the  LHC  betatron  and  momentum  collima¬ 
tion  insertions,  and  the  locations  and  orientations  of  the  col¬ 
limator  jaws,  have  been  optimized  so  that  the  secondary 
halos,  produced  by  scattering  of  circulating  protons  at  the 
primary  collimators,  are  restricted  to  the  desired  aperture 
[1].  The  halo  is  defined  as  the  beam  of  scattered  particles 
within  solid  angle  2i r  -  with  initial  non-normalized  coordi¬ 
nates  ( x ,  y)  (a  point-like  source  on  the  primary  collimator 
jaw  surfaces)  and  initial  angles  ( x y')  within  (-§,§)• 

We  have  studied  how  the  collimation  quality  is  affected 
by  jaw  and  quadrupole  alignment  errors,  quadrupole  pow¬ 
ering  errors,  and  incoming  beam  positioning  and  mismatch. 
Since  each  warm  quadrupole  Q6L-Q6R  consists  of  a  group 
of  5-6  modules,  both  group  and  module  misalignment  has 
been  considered.  As  a  reference  case  without  errors,  we 
use  the  optimized  layout  for  the  betatron  insertion  IR7 
(Fig.  1),  with  the  primary  collimator  apertures  set  to  6<r, 
and  16  secondaries  set  to  7<r  (injection  optics).  For  this 
the  halo  particles  escaping  all  secondary  jaws  are  found 
to  have  a  maximum  combined  transverse  invariant  A  — 
y/X 2  +  X'2  +Y2  +  Y'2  of  8.4  in  units  of  <r,  while  the 
maximum  in-plane  invariants  are  Ax  —  7.83,  Ay  =  8.16. 

>• 

I  Q6L  Q5L  Q4L  Q4R  Q5R  Q6R 

I  ii  in  i  mi  in  ii  i 

"®: — " — ram - "_inn' — 1  "iwn 1  • - nmL*' — up# — 
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Figure  1 :  Betatron  cleaning  insertion  layout. 


1  Also  at  Dept,  of  Physics  &  Astronomy,  UBC,  Vancouver,  Canada. 


2  ERROR  ANALYSIS 

The  effects  of  quadrupole  misalignments  and  powering  er¬ 
rors  were  studied  by  using  the  code  DIMAD  [2]  to  trace 
the  following  beam  parameters  through  IR7:  reference  or¬ 
bit  xorh,  x'orb  ,york,  yforb,  beta  functions  f}x  ,/3y  and  betatron 
phases  px,  py.  Their  values,  computed  at  the  secondary 
jaws,  are  passed  to  the  code  Distribution  of  Jaws  (DJ)  which 
finds  the  maximum  invariants  A,  Ax  and  Ay  of  surviving 
halo  particles.  Orbit  positioning  errors  and  beam  mismatch 
at  the  primary  are  taken  into  account  by  using  nonzero  ini¬ 
tial  values  and  initial  beta  func' 

tions  f3xn\Pyin^  different  from  the  nominal  ones. 

In  DJ,  for  a  fixed  set  of  halo  sources,  the  jaw  phases 
pik\  (k=l,...16)  define  A,  Ax  and  Ay  in  the  following 
way  [1]:  all  jaws  (pairs  of  parallel  lines  in  normalized  X-Y 
space)  are  transformed  (rotated  by  angles  pik\  pyk))  to  the 
entrance,  and  the  “escape  window”  in  initial-angle  space  is 
found  -  its  vertices  giving  A,  Ax  and  Ay .  This  procedure  is 
equivalent  [1]  to  linear  tracking  with  the  maximum  escape 
angles  being  recorded,  but  is  much  faster. 

To  include  the  misalignment  of  a  pair  of  jaws  in  this 
model,  the  corresponding  pair  of  lines  is  displaced  from 
the  origin  in  normalized  X-Y  space  by  AxjaWk  IsJM 
and  AyjaWk/ y/PVtk,  in  effect  changing  the  escape  window. 
Here  AxjaWk,  AyjaWk  are  the  horizontal  and  vertical  dis¬ 
placements  of  the  midpoint  (centre)  of  the  pair  with  respect 
to  the  reference  orbit,  which  passes  through  the  quadrupole 
centers.  If  the  reference  orbit  at  the  &-th  jaw  is  displaced  by 
xorb  with  respect  to  the  vacuum  chamber  axis,  the  jaw  dis¬ 
placement  in  DJ  is  taken  to  be  AxjaWk  =  —x[kr\  (and  sim¬ 
ilarly  for  y). 

Powering  errors  and  incoming  beam  mismatch  lead  to 
different  sets  of  jaw  phases  relative  to  the  error-free  case. 

Orbit  correction  was  performed  by  DIMAD,  with  6  cor¬ 
rectors  and  6  double  (horizontal  and  vertical)  beam  posi¬ 
tion  monitors  placed  in  the  middle  of  each  of  the  quadrupole 
groups  (Fig  1),  plus  one  additional  vertical  corrector  at  the 
beam  line  entrance.  The  orbit  displacements  at  the  monitors 
are  minimized  by  the  least  square  method. 

Monitor  alignment  errors  with  respect  to  the  vacuum 
chamber  axis  (rms  lateral  displacements  (/  Ytion  mo  ti  )  are 
simulated  by  random  misalignment  of  the  jaws  with  respect 
to  the  reference  orbit  with  the  same  rms  values. 

For  all  errors  together,  the  tolerable  increase  in  A  is  as¬ 
sumed  to  be  «  <7,  i.e.  the  maximum  acceptable  value  is  9.5. 
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Table  2:  Effects  of  random  lateral  misalignment  of  all  quadrupoles,  with  and  without  orbit  correction. 


ax  =  Oy  [pm]  100 

200 

400 

As  modules 

No 

corn 

max  jo  ®  orb^Vorb  [mm] 

maxio  KX  fmml 

max  io  A/Ax/Ay 
ave10  A/ Ax  f  Ay 

0.5/ 0.7 

0.5/ 0.6 

8.7/ 8.1/ 8.3 
8.5/ 7.8/ 8.1 

1.0/ 1.4 

1.0/ 1.3 

9.1  /  8.7/ 8.5 
8.7/ 8/8 

2.1/ 2.9 

1.9/ 2.5 
10.2/9.8/8.9 

9.1  /  8.3/ 8.0 

As  groups 

No 

corn 

max  10  x0rb/y0rb  [nun] 
max  10  x30arb  /  tforb  tmml 
maxio  A/Ax/Ay 
ave  io  A/Ax/Ay 

max  10  Krb/XoHd/yZd/y'ornbd 

[mm]  /  prad] 

ave  io  x%{/!  x'^/y^/y^ 

1.8/1. 1 

1.5/1 

9.9/ 9.3/ 9.2 
9.1/ 8.4/ 8.4 

0.8/10/0.6/14 

0/1/0.2/ 4 

3.6/ 2.2 

2.9/ 2.1 

11.6/10.8/10.3 
9.9/ 9.0/ 8.6 

1.5/20/1.2/28 

0.1  /3/0.3/7 

7.2/ 4.5 

5.8/ 4.1 
14.5/14/11.6 
11.5/10.4/9.2 

3/41/2.4/56 

0.2/ -5/ 0.6/ -15 

With 

orbit 

corr 

max  io  x0rb,  yorb  [mm] 

xJaw  „'jaw 
max  io  3rorb  ,  xforb 

max  io  A/Ax/Ay 

ave  io  A/Ax/Ay 

maxio  x%bdl  x^/y%bdtioVbd 

[mm]/[prad] 
max.  corr.  [prad] 

0.2/ 0.2 

0.1/ 0.2 

8.6/ 8.0/ 8.2 
8.5/ 7.8/ 8.1 

0/1/0/2 

6 

0.3/ 0.3 

0.2  /  0.3 
8.7/8.2/83 
8.5/ 7.9/ 8.1 

0/3/0/4 

12 

0.7/ 0.7 

0.4/ 0.6 

9.1  /  8.6/ 8.5 
8.7/ 7.9/ 8.1 

0.1/6/0/8 

24 

Jaws 

9,16 

max  io  A/Ax/Ay 

8.5/ 8.0/ 8.2 

8.6  /  8.1  /  8.3 

8.9/ 8.4/ 8.4 

3  ERROR  ANALYSIS  RESULTS 


Analysis  of  individual  jaw  misalignment  for  horizontal  dis¬ 
placements  (Fig.  2)  shows  that  A  is  most  sensitive  to  lateral 
shifts  of  jaws  8, 9  and  16.  Similar  behayior  was  observed  in 
the  vertical  plane. 


Figure  2.  Effect  of  horizontal  displacement  of  individual 
jaws:  left:  0.1  mm;  right:  0.5  mm. 


Table  1  shows  the  effects  of  individual  quadrupole  group 
misalignment  and  group  powering  errors  on  A  (nominal 
value  8.4).  Left:  horizontal/vertical  displacement  100  and 
200  pm.  Right:  relative  field  error  5  x  10-3.  Transverse 
shifts  of  0.1  —  0.2  mm  lead  to  0.5  —  la  loss  in  collimation 
quality.  Quadrupole  powering  errors  up  to  the  level  10-3 
have  little  effect  on  A  (see  also  Table  3). 

Table  2  presents  results  from  random  transverse  mis¬ 
alignment  of  quadrupoles.  For  each  seed,  Q6L-Q6R  were 


Table  1 


Displacement 
hor. /vert,  [/im] 

Rel.  field  error 
Afci  /  ki 

100 

200 

n  5  x  10~3 

Q6L 

8.8/  8.7 

8.6/ 9.4 

8.5 

Q5L 

8.5  /  8.6 

8.5  /  8.7 

8.5 

Q4L 

8.7/  8.6 

8.5/  9.1 

8.5 

Q4R 

8.5/  8.7 

8.5/  8.5 

8.4 

Q5R 

8.5/  8.3 

8.3/  8.6 

8.4 

randomly  displaced  with  Gaussian  distributions  in  both  x 
and  y  planes,  with  equal  rms  values  0.1,  0.2  and  0.4  mm, 
truncated  at  2 a.  Here  xorj  =  max  |xorj|  is  the  maximum 
absolute  value  of  horizontal  orbit  excursion  along  the  beam 
line  and  x{““  =  maxk  |x^|  is  the  maximum  excursion  at 
a  jaw  (similarly  for  y).  Also  max io  and  ave io  denote  the 
maximum  and  the  average  values  of  10  seeds,  and  super¬ 
script  end  is  used  for  the  residual  orbit  displacement  and  an¬ 
gle  at  the  beam  line  exit.  For  example,  for  an  rms  displace¬ 
ment  of  0.2  mm  of  all  groups,  the  “worst”  of  the  10  seeds 
produces  A=11.6  with  residual  horizontal  orbit  displace¬ 
ment  at  the  exit  x®"^  =  1.5  mm,  and  x'ffbd  =  0.02  mrad. 
The  10-seed  averaged  values  are  A=9.9,  xe0"b  =  0.1  mm 
and  x^d  =  0.003  mrad. 

In  so  far  as  the  alignment  of  individual  modules  within  a 
group  is  expected  to  be  better  than  alignment  of  the  groups 
with  respect  to  each  other,  an  appropriate  orbit  correction  is 
absolutely  necessary,  since  group  alignment  errors  of  100 — 
200  pm  will  very  likely  be  present.  The  same  seed  sequence 
was  used  both  with  and  without  correction.  The  last  row 
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of  Table  2  shows  the  effect  of  two  monitors  being  relocated 
from  the  closest  quadrupoles  to  the  critical  locations  near 
jaws  9  and  16  identified  in  Fig.  2. 


Table  3:  Random  powering  errors  in  all  quadrupoles. 


AKi  /  R\ 

10-3 

5  x  IO-3 

max io  A/Ax/Ay 
ave io  A/Ax/Ay 

8.4/ 7.9/ 8.2 
8.4/7.8/8.15 

8.6/ 7.9/ 8.3 
8.5/ 7.8/ 8.2 

Table  4:  Incoming  beam  steering. 


Horizontal  [mm, mrad]  j 

(rr(*n)  <r'(tn)Y| 

Vxor6>xorb  )\ 

(1,0) 

(0 , 0.02) 

No 

corr. 

Xorb 
*  jaw 

Xor  b 

A  /  Ax  /  Ay 
„endi  ' end 

X orb '  x  orb 

3.5 

3.2 

11.1/10.5/8.7 

1.5/7 

2.4 

1.9 

9.5/8.5/8.2 

0.5/16 

With 

corr. 

Xorb 

'jaw 

X  orb 

A/ Ax  f  Ay 

endi  'end 

Xorb'  X orb 

max.  corr. 

1 

0.6 

8.7/7 .9/8.2 

0/0 

2.2 

1.2 

0.9 

8.8/7.9/8.1 

0/0 

4.4 

|  Vertical  [mm, mrad] 

y{orb  or b]  [mm, mrad] 

(1.0) 

(0 , 0.02) 

No 

corr. 

Vorb 

Vorb 

Aj  Ax /Ay 

„,endi  -/end 

Vorb '  Vorb 

2.8 

2.4 

10.7/8.6/10.6 

0.7/7 

4.7 

3.4 

10.8/7.9/10.4 

0.4/33 

With 

corr. 

Vorb 

Vlrb 

Aj  Ax /Ay 

vV/b1  y'oVbd 
max.  corr. 

1 

0.4 

8.5/7. 8/8. 2 

0/0 

2.2 

1.1 

0.4 

8.6/7. 8/8.2 

0/0 

53 

Table  5:  A/?(,n)//?(in)  =  10  % 


Hor. 

Vert. 

A/  Ax/  Ay 

8.6/  8/  8.2 

8.8/  7.7/  8.4 

Tables  4  and  5  show  the  effect  of  a  fixed  incoming  beam 
steering  error  in  position  (+1  mm)  or  angle  (+0.02  mrad),  ei¬ 
ther  horizontal  or  vertical,  and  of  10%  incoming  beam  mis¬ 
match. 

Table  6  shows  the  effect  of  random  misalignment  of  all 
jaws  with  rms  values  0.2  and  0.4  mm.  This  is  equivalent 
to  introducing  monitor  misalignment  (orbit  measurement) 
errors  of  the  same  magnitude. 

Table  7  was  obtained  with  all  errors  together,  at  the  ac¬ 
ceptable  level  for  each,  as  follows: 

Fixed  incoming  beam  steering  error: 

(a;(c.r")>  xorb)y  y£b>  Vovb^  =  (°-5>  °» 0.5, 0)[mm/mrad]; 
Beam  mismatch:  A  /?*  =  A/3yH^//3yn^  =  0.1; 

Quadrupole  misalignment:  crx  =  <ry  =  250  pm; 
Quadrupole  powering  errors:  Aki/ki  =  1  x  10~3; 
Monitor  misalignment:  <jxm<, „  =  ay<non  =250  pm; 

Orbit  correction:  as  outlined  above. 

The  largest  A-values  ( A  >  9.5)  in  Table  7  correspond 
to  a  few  seeds  (1-3  out  of  40  for  several  different  seed 


Table  6:  Monitor  alignment  [pm] 


O‘xrnon  —  (Jyrnon 

200 

400 

max  io  A/Ax/Ay 
ave  io  A/Ax/Ay 

8.8/ 8.4/ 8.2 
8.7/ 7.8/ 8.1 

9.3/ 8.2/ 9.1 
9.0/ 7.8/ 8.3 

Table  7:  All  errors  together. 


All  jaWS  (Xxmon  =  <Ty™on  = 

0.25  mm 

max  no  Xorb/  yorb  [mm] 

1/0.9 

max 40  xJorb  /  yJorb 

0.4/ 0.4 

max 40  A/Ax/Ay 

10.1/9/9 

ave 40  A/Ax/Ay 

_ _  „end  /  '  end  tn,end end 

771GIX40  X OT £  /  X OT ! y orb  ^orb 

9.2  /  8.1  /  8.4 

0.1  /  5  /  0  /  6 

[mm]  /  [prad] 

max.  corrector  [prad] 

26 

ax-mon  =  (j  ymon  =  0.1  mm  at  jaws  8, 9 

max 40  A/Ax/Ay 

9.5/ 8.8/ 8.9 

ave 40  A/Ax/Ay 

9.2/ 8./ 8.4 

sequences),  for  which  the  random  orbit  and  jaw  displace¬ 
ments  add  up  at  some  jaws.  Most  critical  appear  to  be  jaws 
8  and  9  (spaced  ~3  m  apart)  located  in  a  region  with  a  low 
horizontal  beta  function.  Setting  the  monitor  error  at  these 
jaws  to  100  pm  decreases  the  difference  between  maximum 
and  average  A -values  from  a  to  0.5  a.  Table  8  demon¬ 
strates  this  for  three  beam  steering  errors. 


Table  8. 


steering 

error 

rms  monitor  error 

0.25  mm 

rms  monitor  error=0.1  mm 
at  jaws  8  and  9 

maiioA 

aveioA 

maxioA 

avetoA 

10.1 

9.2 

10.1 

1 

9.1 

9.9 

9.1 

4  CONCLUSIONS 


We  have  found  that  the  following  combined  misalignments 
and  errors  lead  to  less  than  1<t  increase  in  the  maximum  am¬ 
plitude  A  of  escaping  particles: 

1)  fixed  incoming  beam  steering  errors  below  0.5  mm  in 
both  transverse  planes  (with  zero  initial  angles); 

2)  monitors  and  quadrupoles  randomly  displaced  250  pm 
rms  in  each  transverse  direction  with  respect  to  the  central 
axis  of  the  primary  jaws  (with  the  exception  of  jaws  8  and 
9,  where  the  maximum  monitor  error  used  was  100  pm); 

3)  incoming  beam  mismatch  below  10%; 

4)  quadrupole  powering  errors  below  10-3. 

Under  these  conditions  the  local  correction  has  only  a 
small  effect  on  the  rest  of  the  ring  -  the  exit  orbit  displace¬ 
ment  is  zero  and  the  exit  angle  <  0.01  mrad. 
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Abstract 

While  the  two  collimation  insertions  in  the  LHC  must 
have  similar  basic  layouts  and  match  to  almost  identical  dis¬ 
persion  suppressors  to  respect  the  geometry  of  the  existing 
tunnel,  their  different  roles  impose  opposite  requirements 
on  the  normalized  dispersion  within  them.  For  betatron  col¬ 
limation  it  must  be  near  zero,  while  for  momentum  collima¬ 
tion  it  must  have  a  peak  at  the  location  of  the  primary  col¬ 
limator,  immediately  after  the  dispersion  suppressor.  The 
insertion  lattice  solution  found  for  the  latter  case  requires 
up  to  30%  asymmetry  in  the  quadrupole  gradients  (in  line 
with  the  current  trend  in  LHC  lattice  development  to  break 
the  exact  antisymmetry  within  insertions).  To  achieve  this 
using  twin-aperture  warm  quadrupoles,  the  modules  mak¬ 
ing  up  each  quadrupole  will  be  wired  in  such  a  way  that  the 
two  beams  still  see  the  same  sequence  of  focusing  fields. 
We  describe  the  optimum  setup,  flexibility  and  collimation 
quality  for  the  two  insertions. 

1  INTRODUCTION 

In  the  LHC,  composed  of  superconducting  magnets  in 
which  proton  beams  of  both  high  energy  and  high  current 
will  be  stored,  the  local  power  deposition  associated  with 
beam  losses  will  be  larger  than  the  magnet  quench  level  by 
several  orders  of  magnitude  [1],[2].  In  addition  the  large 
size  of  the  ring  and  the  need  for  high  magnetic  field  re¬ 
quires  keeping  the  geometrical  aperture  (defined  by  the  vac¬ 
uum  chamber)  to  a  bare  minimum.  Not  far  outside  the  dy¬ 
namic  aperture  the  transverse  motion  of  the  particles  be¬ 
comes  chaotic  and  can  form  a  primary  halo  diffusing  to¬ 
wards  the  geometrical  aperture.  The  transverse  extent  of  the 
halo  is  kept  below  the  chaotic  limit  by  absorbing  these  pro¬ 
tons  in  primary  collimators  made  of  metallic  blocks,  called 
jaws  below.  At  all  energies  proton  absorption  in  the  primary 
jaws  is  far  from  complete  [2].  Protons  which  are  not  ab¬ 
sorbed  may  be  scattered  elastically  off  the  jaw,  thus  form¬ 
ing  a  secondary  halo  which  can  also  induce  quenches.  Sec¬ 
ondary  jaws  are  therefore  necessary  to  limitthe  extent  of  the 
secondary  halo  to  a  value  smaller  than  the  geometrical  aper¬ 
ture.  In  the  LHC,  both  betatron  and  momentum  collimation 
are  needed. 

For  colliding  beams,  beam-beam  induced  non-linearities, 
combined  with  residual  magnetic  imperfections  of  the 
quadrupoles  in  the  experimental  insertions,  limit  the  dy¬ 
namic  aperture  to  Adyn  ~  6-10  in  units  of  erg,  the  rms 
beam  radius.  The  flux  of  protons  diffusing  outside  this  am¬ 
plitude  is  estimated  to  be  n  ~  3  x  109  p  s_1  [1].  Most 
of  these  protons  might  touch  the  vacuum  chamber  at  a  sin¬ 
gle  aperture  limit,  with  the  energy  release  spread  longitudi- 

1  Also  at  Dept,  of  Physics  &  Astronomy,  UBC,  Vancouver,  Canada. 


nally  by  the  hadronic  shower  process  over  l  shower  «  lm. 
In  these  conditions  the  local  quench  level  is  reached  with 
hq  ~  106  ps_1m_1[2].  At  ramping,  rf-untrapped  protons 
are  not  accelerated  and  migrate  slowly  towards  the  vacuum 
chamber.  The  flash  of  losses  lasts  Af  <  1  s,  a  time  scale 
fixing  the  transient  quench  level  at  A nq  =  2.5  1010  p  m-1 . 
For  a  stored  intensity  Np  =  3  1014  protons  with  5%  off- 
bucket,  the  intensity  of  the  flash  is  An  =  1.5  1013  p  [2], 

A  very  efficient  collimation  system  is  therefore  needed 
in  both  cases.  It  has  been  shown  [2]  that  two-stage  colli¬ 
mation  is  adequate  and  offers  a  good  safety  margin. 

2  REQUIREMENTS  FOR  THE  OPTICS 

2.1  Betatron  collimation 

With  an  approximately  circular  normalized  aperture,  the 
primary  halo  must  be  intercepted  by  three  primary  jaws 
forming  an  octagonal  primary  aperture  of  inscribed  radius 
ni.  It  is  shown  in  [3]  that  the  secondary  halo  can  be  cut 
close  to  the  secondary  collimator  aperture  Asec  =  n2  if, 
for  each  primary,  four  secondary  jaws  are  installed  at  well- 
defined  correlated  betatronic  phase  advances  \ix  and  \iy  rel¬ 
ative  to  the  primary  jaws.  The  long  straight  sections  of 
LHC  offer  a  phase  advance  Ap^  as  27r,  which  proved 
to  be  insufficient  to  satisfy  the  ideal  phase  conditions  for 
the  twelve  secondary  jaws.  With  the  code  DJ  [4][5],  var¬ 
ious  optics  were  studied,  the  present  best  result  for  a  ra¬ 
tio  n2/ni  =  7/6  being  A,ec  =  1.2n2  =  1.4ni.  With 
a  ring  aperture  Aring  =  10  (including  tolerances,  optical 
errors  and  momentum  spread)  and  using  the  safe  condition 
Asec  <  Aring,  the  allowed  primary  aperture  is  therefore 
n\  <  Aring  f  1 A  =  7.1,  a  value  which  is  adequate  at  both 
injection  and  collision  beam  energies. 

2.2  Momentum  collimation 

In  contrast  to  the  betatron  halo,  which  may  drift  away  from 
the  beam  in  all  transverse  directions,  momentum  losses  in  a 
ring  with  only  horizontal  dispersion  are  concentrated  in  the 
horizontal  plane.  Off-bucket  protons  lost  at  ramping  keep 
their  initial  betatron  amplitude  [6]  and  are  therefore  con¬ 
fined  in  the  range  of  betatron  amplitudes  AXiV  &  2.  It  is 
therefore  sufficient  to  use  a  single  horizontal  primary  colli¬ 
mator,  with  its  four  associated  secondary  collimators.  Their 
phase  advances  relative  to  the  primary  jaw  are  given  in  Ta¬ 
ble  1  [3],  With  the  largest  momentum  offset  passing  the 
primary  jaw  6C  =  ni/xi  (where  the  normalized  disper¬ 
sion  xi  =  Pi  / v/c/?),  the  secondaries  limit  the  horizontal 
betatron  amplitude  to  «  \Jn\  —  n\.  In  the  arc  of  a  ring, 
the  aperture  limit  for  a  particle  with  momentum  offset  is  lo¬ 
cated  near  horizontally  focusing  quadrupoles,  where  both 
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Px  and  Dx  are  at  their  maximum.  The  largest  horizontal  ex¬ 
cursions  of  the  secondary  halo  must  fit  the  arc  aperture,  i.e. 
Ax  ^  “1“  DSp  —  NXtarC  . 

The  smaller  number  of  correlated  phase  advances  for  the 
secondary  collimators  makes  solution  easier  than  in  the  be- 
tatronic  case,  but  a  large  normalized  dispersion \i  (or  Vi  = 
Di  / \fB)  is  needed  at  the  primary  collimator.  The  value  of 
rji  depends  mainly  on  the  ring  aperture  Aring(6p  =  0)and 
on  the  maximum  dispersion  r)arc.  We  use  [3] 

/  \  _  W-iTJarc 

Aring(8p=0)-(nl-nly/f  W 

In  LHC,  with  Aring(6p  —  0)  =  12,  r)arc  =  0.2  m1/2  (with 
optical  errors)  and  n\  =  7,  rji  =  0.19  m1/2  is  needed 
[7],  The  geometry  of  the  dispersion  suppressor  connect¬ 
ing  the  arcs  and  the  straight  section  is  fixed  by  the  exist¬ 
ing  tunnel  and  therefore  offers  little  flexibility  for  altering 
the  dispersion  function  in  the  insertion,  which  is  suppressed 
for  the  nominal  tune.  The  combination  of  dispersion  and 
phase  constraints  therefore  requires  a  lot  of  flexibility  in  the 
straight  section  itself  where  the  quadrupoles  can  be  located 
with  more  freedom. 


Q3L  Q2L  Q1X,  QIR  Q2R  Q3R 


(unniiijiiu  m  1 1  ^  mmm 

T1  (m‘'') 

ftm) 


Figure  2:  Momentum  cleaning  insertion  lattice.  Top:  straight 
section  layout.  Bottom:  beta  functions  and  normalized  dispersion. 


Table  1 :  Secondary  collimator  locations  fix  and  fiy  relative  to 
the  horizontal  primary  jaw  of  the  momentum  cleaning  insertion 
and  their  X-Y  azimuthal  orientations  a  jaw.  The  angle  <j>  is  the 
scattering  angle  (projected  on  to  the  X  Y  plane)  for  which  the  sec¬ 
ondary  does  the  most  efficient  cut;  fio  =  arccos(ni /rt2 ). 

0 _ \l  x  l^y _ Q  Jaw 

0  Ho  -  0 

x  7r  —  Ho  -  0 

x/2  x  3x/2  Ho 

— x/2  x  3x/2  -Ho 


Figure  1 :  The  phase  advances  along  the  momentum  cleaning  in¬ 
sertion  relative  to  the  location  of  the  primary  collimator.  The  three 
vertical  marks  indicate  the  optimum  phase  advances  of  Table  1 . 

3  COLLIMATION  INSERTION 
LATTICES 

So  that  the  two  beams  in  the  LHC  experience  exactly  the 
same  sequence  of  focusing  fields  in  a  FODO  lattice  com¬ 
posed  of  twin-aperture  quadrupoles,  these  are  arranged  left- 
right  (L-R)  antisymmetrically  about  the  midpoint  of  each 
insertion.  Thus  the  six  straight-section  quadrupoles  QiL, 
QiR  (i=l,2,3  -  see  Fig.  2  (top))  nominally  have  gradients 
Kf1  =  —A'/*  (these  i  values  differ  from  the  official  LHC 


ones).  This  condition  was  found  too  restrictive  for  both  be¬ 
tatron  and  momentum  collirhation,  and  so  new  optics  have 
been  devised  for  the  cleaning  insertions  whose  basic  fea¬ 
ture  is  to  give  the  quadrupoles  an  increased  left-right  sym¬ 
metric  component  (A'/J  -f  A/i)/2.  Other  changes  from  the 
optics  reported  in  [8]  include  replacement  of  the  strongest 
warm  quadrupoles  Q3L  and  R  by  cold  quadrupole  groups, 
and  repositioning  of  the  separation  magnets  and  the  primary 
jaws  to  a  new  location  between  Q3L  and  Q2L.  The  latter 
allows  neutral  and  low-momentum  charged  particles  to  be 
removed  from  the  beam  axis  more  efficiently. 

3.1  Momentum  collimation 

The  advantages  of  the  new  optics  over  an  exactly  antisym¬ 
metric  setting  are  that  they  allow:  (1)  lower  over-all  fo¬ 
cusing  strengths,  both  for  the  straight  section  and  disper¬ 
sion  suppressor  quadrupoles,  and  (2)  a  higher  normalized 
dispersion  peak  at  the  primary  collimator,  7^=0. 19-0.22 
(Fig.  2,  bottom),  as  momentum  collimation  requires.  The 
suggested  explanation  for  this  is  that  with  antisymmetry 
broken,  the  Twiss  function  values  at  the  symmetry  point  can 
be  set  further  away  from  the  exact  antisymmetry  condition 
ft*Ly  =  a*xLy  =  — (this  condition  was  never 

forced  as  a  constraint).  With  A'/'  =  —Kp  (i=l,2,3),  the 
best  result  for  the  normalized  dispersion  was  r}x  —  0. 16  [8]. 

The  four  quadrupoles  QiL  and  QiR  (i=l,2)  are  in  fact 
each  composed  of  6  warm  quadrupole  modules  3  m  long, 
based  on  the  “two  channels  in  one  bore”  design  concept 
[1].  Normally,  these  modules  are  wired  so  that  the  fields 
felt  by  the  two  beams  are  exactly  reversed,  one  seeing  an 
F  quadrupole,  and  the  other  a  D  (as  assumed  for  the  anti¬ 
symmetric  lattice  described  above).  Small  deviations  from 
equal  powering  of  the  two  channels  are  possible,  but  are 
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Table  2:  Quadrupole  gradients  (as  %  of  maximum  allowed)  and 
normalized  dispersion  at  the  primary  collimator  for  the  momen¬ 
tum  cleaning  insertion  matched  to  four  arc  cell  tunes 


j.a.cell 

^  X 

.2515 

.2649 

.28 

.24 

j.a.cell 

y 

.2401 

.2377 

.24 

.20 

Kf 

81 

84 

84 

83 

Kf 

54 

49 

50 

57 

I<2 

-88 

-86 

-86 

86 

Kf 

70 

46 

62 

61 

Kf 

80 

83 

-74 

-75 

I<§ 

-74 

-75 

83 

81 

Kf 

73 

-17 

55 

39 

for  left 

83 

66 

43 

96 

dispersion 

45 

38 

71 

25 

suppressor 

11 

10 

-5.5 

21 

and 

-67 

-81 

-80 

-1 

2  arc  trim 

-25 

-11 

-29 

8 

quadrupoles 

-14 

-76 

-63 

-92 

Kf 

-75 

-93 

90 

-95 

for  right 

68 

-74 

-82 

84 

dispersion 

-74 

-67 

-51 

-62 

suppressor 

53 

-47 

12 

-13 

and 

-7 

20 

3.5 

20 

2  arc  trim 

74 

15 

52 

9 

quadrupoles 

4 

-58 

12 

-23 

T]x  at  prim.  [m1/2] 

.2 

.18 

.194 

.194 

dr)x/dpx  [m1/2] 

-.012 

-.042 

-.039 

-.010 

limited  to  10  -  15%,  for  reasons  of  field  quality. 

To  achieve  larger  \(Kf  +  K[t)/K-i  \  (~  30%  is  needed), 
while  preserving  identical  straight-section  optics  for  the 
two  beams  and  also  good  field  quality  in  the  warm  mod¬ 
ules,  a  second  kind  of  module  is  introduced,  wired  so  that 
each  beam  sees  the  same  field,  both  channels  acting  as  F 
quadrupoles.  These  new  “symmetric”  modules  (solid  black 
in  Fig.  2)  are  positioned  near  the  middle  of  each  quadrupole 
assembly,  where  they  are  most  effective. 

3.2  Matching  and  Flexibility 

The  cleaning  insertions  were  matched  to  the  arcs  using 
MAD  [9]  with  a  total  of  21  independent  variables:  18 
quadrupole  strengths  (2  Kf  for  the  symmetric  modules,  2 
Kf  for  the  antisymmetric  ones,  2  for  the  cold  Q3L  and 
R,  and  12  for  the  dispersion  suppressor  (DS)  trims)  plus 
the  3  positions  of  the  straight-section  quadrupoles.  The 
most  important  constraint  was  the  need  for  a  maximum  flat- 
topped  dispersion  peak  at  the  primary  collimator.  Table  2 
shows  the  quadrupole  strengths  needed  to  match  the  mo¬ 
mentum  cleaning  insertion  to  the  arcs,  while  optimizing  the 
normalized  dispersion  %  and  its  derivative  dr]x/dpx  = 
(axDx  +  dxD'x)/ \/Ef.  Four  cases  are  shown,  for  differ¬ 
ent  tunes  of  the  arc  cells:  the  first  column  is  for  the  nomi¬ 
nal  tune,  while  the  other  three  assure  cancellation  of  various 
nonlinear  resonance  driving  terms.  The  tune  advances  for 
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Figure  3:  Betatron  cleaning  insertion  lattice. 

the  nominal  case  are  shown  on  Figure  1 .  For  all  four  cases 
the  quadrupole  strengths  are  within  limits,  rjx  is  sufficiently 
high  and  \dT)x/d/j.x\  is  sufficiently  small. 

3.3  Betatron  collimation 

The  betatron  cleaning  section  (Figure  3)  has  in  general  pre¬ 
served  the  optics  described  in  [5].  As  for  momentum  clean¬ 
ing,  symmetrically  powered  quadrupole  modules  help  to  in¬ 
crease  flexibility  and  reduce  quadrupole  strengths. 

4  CONCLUSIONS 

By  using  the  two-in-one  warm  quadrupoles  of  the  colli¬ 
mation  insertions  in  a  flexible  way,  we  have  formulated 
a  two-stage  momentum  cleaning  insertion  which  satisfies 
the  LHC  machine  requirements  and  which  is  also,  to  our 
knowledge,  the  first  fully  worked  out  design  for  any  ma¬ 
chine. 
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Abstract 


The  direct  space  charge  detuning  at  the  centre  of  a  nominal 
LHC  proton  bunch  is  about  10-3  at  injection  energy.  Ow¬ 
ing  to  their  slow  synchrotron  motion,  particles  with  small 
betatron  amplitudes  sample  a  varying  electric  charge  den¬ 
sity  within  the  bunch  and  thus  experience  a  tune  modula¬ 
tion  at  twice  the  66  Hz  synchrotron  frequency.  In  conjunc¬ 
tion  with  magnet  nonlinearities,  such  tune  modulation  may 
give  rise  to  particle  diffusion  to  large  betatron  amplitudes 
and  eventually  to  particle  loss.  Coherent  quadrupole  oscil¬ 
lations,  caused,  e.g.,  by  injection  mismatch,  resonantly  per¬ 
turb  the  single-particle  motion  via  the  space-charge  force, 
and  can  cause  a  rapid  growth  in  the  transverse  amplitude. 
Using  the  results  of  numerical  and  analytical  investigations, 
we  show  that  these  space-charge  effects  alone  will  not  af¬ 
fect  the  LHC  performance. 

1  INTRODUCTION 


Table  1:  LHC  injection  parameters  [3]. 


parameter 

symbol 

value 

circumference 

C 

26.7  km 

beam  energy 

Eb 

450  GeV 

particles  per  bunch 

Nb 

1011 

normalized  transv.  emittance 

6n 

3.75  ym 

rms  bunch  length 

<yz 

13  cm 

average  beta  function 

(3 

90  m 

rms  energy  spread 

$rms 

4.7  x  10-4 

synchrotron  tune 

Qs 

0.006 

2/3  for  a  parabolic  distribution  [2].  The  space-charge  tune 
shift  at  the  bunch  center  (z  =  0)  is 

AQ,  «  (2) 

47T7'!eArv27rcrz 


With  an  injection  energy  of  450  GeV,  space  charge  ef¬ 
fects  at  the  LHC  would  appear  to  be  negligible.  However, 
there  are  two  mechanisms  by  which  the  direct  space  charge 
force  could  cause  a  modulation  of  the  betatron  tunes,  and, 
thereby,  degrade  the  dynamic  aperture  or  generate  large- 
amplitude  beam  tails:  First,  synchrotron  oscillation  in  con¬ 
junction  with  the  longitudinal  bunch  profile  induces  a  tune 
modulation  at  twice  the  synchrotron  frequency,  with  a 
modulation  amplitude  comparable  to  the  space-charge  tune 
shift.  Second,  if  the  beam  is  injected  with  a  betatron  mis¬ 
match,  the  oscillation  of  the  beam  size,  prior  to  filamen- 
tation,  will  also  result  in  a  tune  modulation,  at  twice  the 
betatron  frequency. 

2  SPACE  CHARGE  FORCE 


where  fi  designates  the  average  vertical  beta  function,  and 
cat  the  transverse  normalized  emittance.  Using  LHC  pa¬ 
rameters  (Table  1),  we  find  A Qy  w  1.1  x  10“ 3 

At  larger  amplitudes,  the  space-charge  force  is  nonlinear. 
For  a  flat  Gaussian  distribution  this  force  can  be  calculated 
in  terms  of  the  complex  error  function  [4],  Expressions  for 
the  parabolic  and  for  the  uniform  distribution  can  be  found 
in  Ref.  [5],  Via  A (z)  the  space  charge  force,  Eq.  (1),  de¬ 
pends  on  the  coordinate  z.  Therefore,  a  particle  performing 
large  synchrotron  oscillations  and  small  transverse  oscilla¬ 
tions  will  experience  a  modulation  of  its  betatron  tune  of 
amplitude  AQy,  due  to  the  harmonic  variation  in  z.  A  tune 
modulation  of  comparable  magnitude  will  also  occur  in  the 
horizontal  plane. 


Considering  an  optical  lattice  with  vertical  normalized 
quadrupole  gradient  Ky(s),  the  equation  of  vertical  mo¬ 
tion  for  a  single  particle  can  be  written  as  y"  —  —Kyy  4- 
Fsc,y(x,y),  where  a  prime  denotes  the  derivative  with  re¬ 
spect  to  the  longitudinal  position  s,  x  is  the  horizontal  coor¬ 
dinate,  and  Fsc<y  the  vertical  space  charge  force.  In  linear 
approximation  (for  y  -C  ay,  x  <C  ax,  where  ay  and  ax  are 
the  transverse  rms  beam  sizes),  this  force  is 


Fsc,y{X’V) 


t2F(iistrp\(z') 

73 <xy{crx  +  (Ty)  V 


(1) 


The  function  A(z)  =  Nb  exp(-z2/(2cr3))/(\/27rcrz)  de¬ 
notes  the  longitudinal  distribution  assumed  to  be  Gaussian, 
Nb  the  bunch  population,  and  7  the  Lorentz  factor.  The  fac¬ 
tor  Fdist  depends  on  the  transverse  distribution:  Fdist  =  1 
for  a  Gaussian,  1/2  for  a  KV  (uniform)  distribution  [1],  and 


3  SYNCHROTRON  OSCILLATIONS 

The  effect  of  the  tune  modulation  due  to  space-charge  force 
and  synchrotron  oscillations,  was  studied  by  particle  track¬ 
ing  with  MAD  [6],  for  the  same  LHC  model  as  described 
in  [8].  In  the  simulation,  we  launched  twin  particles  at  dif¬ 
ferent  transverse  initial  amplitudes.  From  their  separation 
as  a  function  of  time  we  computed  the  Lyapunov  exponent, 
which  is  a  measure  of  potential  instability.  The  longitudinal 
amplitude  was  chosen  as  1.60-5  (equal  to  S  =  7.5  x  10~4, 
or  three  quarters  of  the  rf  bucket  half  size).  The  space 
charge  force  was  modeled  as  a  tune  modulation  of  ampli¬ 
tude  up  to  A Qy  at  twice  the  synchrotron  frequency,  which 
was  generated  by  harmonically  varying  the  strength  of  the 
two  main  quadrupole  families.  In  general,  tune  modulation 
is  known  to  increase  the  chaotic  (unstable)  region  of  phase 
space  [7].  However,  comparing  the  Lyapunov  exponents 
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obtained  with  and  without  the  additional  tune  modulation 
reveals  no  significant  effect  for  these  parameters  (see  Fig. 
1).  The  observed  weak  effect  is  consistent  with  the  results 
of  chromaticity  scans  [8],  and  may  be  attributed  to  the  ab¬ 
sence  of  simultaneous  modulation  at  other  frequencies. 


also  that  cry o  «  ax0  (which  we  call  ctq).  Neglecting  the 
shift  in  betatron  tune,  we  finally  obtain 

-j^2  =  (-1  “  Dcos2u)y  (5) 


Figure  1 :  Lyapunov  exponent  computed  by  tracking  over 
5  x  104  turns  as  a  function  of  the  initial  betatron  ampli¬ 
tude,  comparing  cases  with  and  without  an  additional  tune 
modulation  that  represents  the  effect  of  space  charge  and 
synchrotron  oscillations. 


4  QUADRUPOLE  OSCILLATIONS 

The  equation  governing  the  evolution  of  the  second  mo¬ 
ment  <7y  =  \J<  y2  >  (the  angular  brackets  denote  an  av¬ 
erage  over  the  beam  distribution)  follows  from  the  single¬ 
particle  equation  of  motion  [9]: 


Of"  +  KyOy 


C 

c y,rms 


‘2Fdistlrp\(z) 

73K  +  <jy) 


(3) 


The  term  on  the  right  hand  side  is  due  to  the  space  charge, 
and  we  have  only  taken  into  account  the  linear  component 
of  the  space-charge  force.  Consider  a  beam  injected  with  a 
vertical  (betatron)  mismatch  of  amplitude  A 0^(0)  at  s  =  0. 
The  total  beam  size  is  the  sum  of  the  unperturbed  (matched) 
value  <jyo  and  the  perturbation:  ay  —  ay 0  -I-  A ay.  The 
equation  of  motion  for  the  perturbed  beam  size  is  obtained 
by  linear  expansion  around  ayo: 


A  <  + 


Ky  ~i“  3 


~yyrrns 

ayO 


+ 


2 F 

j3(ax+ayo)2J 


A  CTy  =  0 


(4) 

For  simplicity,  we  now  assume  a  smooth  focusing,  replac¬ 
ing  Ky  by  1/P2.  Also  using  the  relation  cry0/P  =  €y,rms, 
which  holds  for  a  matched  beam,  and  neglecting  the  space- 
charge  induced  tune  shift,  we  find  the  approximate  solution 
Aay(s)  «  Aay(0)  cos2s//3.  Next,  we  can  insert  the  ana¬ 
lytical  solution  for  the  oscillation  of  the  beam  rms  size  into 
the  equation  of  motion  for  a  single  particle  above,  replace 
oy  by  ayo  +  Aay(s),  and  introduce  the  new  ‘time’  unit 
u  =  s/p.  We  assume  that  the  beam  is  perfectly  matched  in 
the  other  (horizontal)  plane,  that  the  variation  A ay  is  small 
compared  with  the  matched  beam  size,  and,  for  simplicity 


where 

_  3  Fdistrpp2 \(z)  Acry(0) 

~  2  73<7o  ao 

For  LHC  parameters  and  a  Gaussian  distribution:  D  « 
5x  10-5  Aay(0) / cTyo-  Equation (5) is Mathieu’s equation. 
With  Q  denoting  the  total  betatron  tune,  the  tune  modu¬ 
lation  amplitude  corresponding  to  D  is  A Q  «  \DQ  « 
0.0015  Aay(0)/ayo.  The  solution  of  the  Mathieu  equation 
is  of  the  Floquet  type:  Fu(u)  =  eluvP(u),  where  P(u) 
is  a  periodic  function  of  period  n.  For  our  parameters,  v 
has  an  imaginary  component,  and  one  solution  is  exponen¬ 
tially  growing  (the  other  shrinking).  The  exponent  v  can 
be  determined  numerically  (see  [12]).  With  20%  accuracy 
we  find  that  e1’"  «  1  +  D  over  a  wide  range  of  parameter 
values  (e.g.,  for  D  between  10~5  and  10_1).  The  growth 
per  turn  is  (1  4-  D)2Cj  «  (1  +  2 DQ),  and  the  exponen¬ 
tial  growth  time  r  «  C/(c[ln(l  +  2 DQ)])  «  C/(2cDQ), 
with  C  the  circumference,  and  c  the  speed  of  light.  This 
relation  is  illustrated  in  Fig.  2,  for  the  LHC  parameters 
2 DQ  «  0.006Actj/(0)/(7j/o  (using  Q  ~  63).  With  an  ini¬ 
tial  mismatch  of  50%,  the  exponential  growth  time  is  of  the 
order  of  40  ms,  while  for  25%  mismatch  it  is  60  ms. 


Figure  2:  Exponential  growth  time  as  a  function  of  the  mis¬ 
match  Aay  (0)/ cry o .  For  the  LHC  1 0  ms  is  about  1 00  turns. 

Emittance  growth  and  the  generation  of  beam  halo  in 
proton  linacs  [10]  and  synchrotrons  [11]  has  been  stud¬ 
ied  by  computing  the  trajectories  of  test  particles  inside 
and  outside  of  a  beam  core  whose  dynamics  is  calculated 
independently.  Following  the  same  recipe,  we  numeri¬ 
cally  solved  the  single-particle  equation  of  motion,  using 
either  the  linear  force  of  Eq.  (1),  or  the  full  nonlinear 
force.  The  rms  beam  sizes  ay,  ax  were  modulated  accord¬ 
ing  to  a x  w  cry  w  cryo  +  Aijy(O)  cos  2 s/p.  When  the 
space  charge  kick  for  individual  particles  was  calculated, 
we  subtracted  the  linear  force  obtained  for  cry  =  cry o,  since 
this  would  lead  to  the  same  tune  shift  for  both  the  core 
and  the  individual  test  particles.  Several  hundred  particles 
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were  uniformly  distributed  up  to  ±2a  with  random  beta¬ 
tron  phase.  With  the  linear  force  of  Eq.  (1)  the  simulation 
yields  a  mean-amplitude  growth  rate  of  about  r  «  35  ms 
for  AcTy(O) /(jyo  =  50%,  consistent  with  our  analytical  es¬ 
timate.  For  the  nonlinear  force,  the  simulated  growth  rate 
is  about  4  times  slower  (140  ms).  The  maximum  ampli¬ 
tude  over  all  test  particles  shows  an  oscillation  whose  phase 
is  7t/2  behind  the  core  oscillation  (each  at  twice  the  beta¬ 
tron  frequency).  Thus,  the  particle-core  simulation  is  not 
self-consistent,  since,  in  reality,  the  quadrupole  oscillation 
would  be  affected  by  the  growth  of  the  individual  particle 
amplitudes. 

More  realistic  simulations  can  be  performed  with  the 
program  MAD,  which  was  modified  so  that,  at  each  lattice 
element,  it  applies  a  horizontal  and  vertical  space-charge 
kick.  The  space-charge  kick  is  calculated  from  the  trans¬ 
verse  rms  spot  size  of  a  group  of  tracked  macroparticles 
representing  the  beam.  In  Fig.  3  we  depict  typical  results, 
that  were  obtained  for  a  bunch  population  of  Nb  =  1012, 
10  times  the  nominal,  and  a  linear  space-charge  force.  The 
MAD  simulation  shows  growing  or  shrinking  betatron  am¬ 
plitudes  depending  on  the  phase  of  the  betatron  oscillation 
with  respect  to  the  mismatch.  The  growth  stops,  once  the 
quadrupole  oscillation  has  vanished. 

Without  systematic  octupole  field  components,  the 
quadrupole  oscillation  is  damped  mainly  by  filamentation 
due  to  the  space-charge  tune  spread.  Only  considering  the 
variation  of  the  space-charge  tune  shift  with  longitudinal 
position,  the  time  constant  for  this  filamentation  is 


Figure  3:  MAD  tracking  results  using  1000  macroparticles, 
for  an  injection  mismatch  into  the  LHC  of  Aa/cryo  «  0.5 
(or  /3//?o  =  2.6).  Top  left:  vertical  beam  size  vs.  time, 
with  (solid)  and  without  (dotted)  space  charge  force;  top 
right:  emittance  vs.  time  with  (solid)  and  without  (dotted) 
space  charge;  bottom  left:  vertical  trajectories  launched  at 
0.6<t  of  the  injected  beam  with  either  initial  offset  (dot¬ 
ted)  or  initial  slope  (solid),  without  space  charge;  bottom 
right:  same  as  the  left  figure  but  with  space  charge.  The 
space-charge  force  was  calculated  in  linear  approximation, 
for  Nb  =  1012.  Magnet  octupole  components  were  not 
included. 
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In  our  example,  it  evaluates  to  36  turns,  in  good  agreement 
with  the  simulation.  Interestingly,  since  both  damping 
and  growth  rates  are  proportional  to  the  charge  per  bunch, 
the  final  emittance  growth  resulting  from  the  space-charge 
force  is  independent  of  the  bunch  charge.  For  smaller 
bunch  charges  other  filamentation  mechanisms,  e.g.,  due  to 
nonlinear  magnetic  fields,  become  effective,  leading  to  an 
enhanced  damping  of  the  quadrupole  oscillation  (Fig.  4). 

5  CONCLUSION 

Tune  modulation  due  to  direct  space-charge  force  along 
with  synchrotron  oscillations  does  not  significantly  in¬ 
crease  the  chaotic  region  in  phase  space.  While  a 
quadrupole-mode  oscillation  may  cause  fast  amplitude 
growth  rates,  in  practice  this  oscillation  vanishes  rapidly 
via  filamentation  due  to  space-charge  induced  tune  spread 
and  due  to  magnet  nonlinearities.  Thus,  it  is  unlikely  to 
result  in  serious  emittance  growth,  for  the  LHC. 

6  REFERENCES 

[1]  I.M.  Kapchinskij  and  V.V.  Vladimirskij,  2nd  Int.  Conf.  on 
High  Energy  Accel.  CERN,  p.  274  (1959). 

[2]  E.  Karantzoulis,  J.  Maidment,  DESY  HERA  86-01  (1986). 


Figure  4:  Vertical  beam  size  vs.  time,  when  the  systematic 

octupole  field  components  in  the  dipole  magnets  are  cor¬ 
rected  (left)  or  uncorrected  (right). 

[3]  LHC  Conceptual  Design  Report,  CERN/AC/95-05  (1995). 

[4]  M.  Bassetti  and  G.A.  Erskine,  CERN-ISR-TH/80-06  (1980). 

[5]  M.  Furman,  Am.  J.  Phys.  62  (12),  p.  1 134  (1994). 

[6]  H.  Grote,  C.  Iselin,  CERN-SL-90- 1 3-AP-REV  (1991). 

[7]  M.  Giovannozzi,  et  al.,  LHC  Project  Report  137  (1997). 

[8]  Y.  Papaphilippou,  et  al.,  this  conference  (1999). 

[9]  A.W.  Chao,  “Physics  of  Collective  Beam  Instabilities  in  High 
Energy  Accelerators”,  Wiley  (1993). 

[10]  J.S.  O’Connell,  et  al.,  PAC93  Washington;  R.A.  Jameson, 
PAC93  Washington;  J.-M.  Lagniel,  NIM  A  345,  p.  46  (1994); 
R.  Gluckstem,  et  al.,  Phys.  Rev.  E  58,  p.  4977  (1998). 

[11]  S.  Machida  and  M.  Ikegami,  KEK  98-189  (1998);  K.Y.  Ng 
and  S.Y.  Lee,  FERMILAB-Conf-98/344  (1998). 

[12]  M.  Abramowitz  and  I.  Stegun  (eds.).  Handbook  of  Mathe¬ 
matical  Functions,  Dover  (1972). 


2628 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


ELECTRON  CLOUD  AND  BEAM  SCRUBBING  IN  THE  LHC 


O.  Briining,  F.  Caspers,  I.R.  Collins,  O.  Grobner,  B.  Henrist,  N.  Hilleret*. 

J.-M.  Laurent,  M.  Morvillo,  M.  Pivi,  F.  Ruggiero,  X.  Zhang,  CERN,  Geneva,  Switzerland 


Abstract 

An  adequate  dose  of  photoelectrons,  accelerated  by  low- 
intensity  proton  bunches  and  hitting  the  LHC  beam  screen 
wall,  will  substantially  reduce  secondary  emission  and 
avoid  the  fast  build-up  of  an  electron  cloud  for  the  nominal 
LHC  beam.  The  conditioning  period  of  the  liner  surface 
can  be  considerably  shortened  thanks  to  secondary  elec¬ 
trons,  provided  heat  load  and  beam  stability  can  be  kept 
under  control;  for  example  this  may  be  possible  using  a 
special  proton  beam,  including  satellite  bunches  with  an 
intensity  of  15-20%  of  the  nominal  bunch  intensity  and  a 
spacing  of  one  or  two  RF  wavelengths.  Based  on  recent 
measurements  of  secondary  electron  emission,  on  multi- 
pacting  tests  and  simulation  results,  we  discuss  possible 
‘beam  scrubbing’  scenarios  in  the  LHC  and  present  an  up¬ 
date  of  electron  cloud  effects. 

1  INTRODUCTION  AND  SUMMARY 

An  effective  solution  to  reduce  the  heat  load  due  to  elec¬ 
tron  cloud  build-up  in  the  LHC  dipoles  is  a  beam  screen 
with  ribbed  surface1  and  reduced  reflectivity  [1],  provided 
the  maximum  secondary  electron  yield  <imax  can  be  kept 
below  a  critical  value  that  for  nominal  LHC  parameters  is 
about  1.3.  For  example  a  10%  reflectivity  gives  an  accept¬ 
able  heat  load  of  about  200  mW/m  for  Jmax  =  1.2,  assum¬ 
ing  a  photoelectron  yield  6-/e  ~  0.2  and  a  characteristic 
energy  of  5  eV  for  the  secondary  electrons.  However  for  a 
maximum  secondary  yield  <5max  =  1.8,  i.e.  above  the  crit¬ 
ical  value,  the  heat  load  remains  around  5  W/m  inspite  of 
the  lower  reflectivity. 

Secondary  emission  can  be  reduced  by  special  coatings 
or  by  an  adequate  electron  dose.  As  discussed  in  the  fol¬ 
lowing  two  sections,  an  electron  dose  of  1  mC/mm2  is  suf¬ 
ficient  to  lower  the  maximum  secondary  yield  below  the 
critical  value  of  1.3.  Therefore  ‘beam  scrubbing’  scenar¬ 
ios  are  under  study  to  condition  the  liner  surface  in  the 
shortest  possible  time,  while  keeping  the  heat  deposition 
within  acceptable  bounds.  For  example  the  nominal  bunch 
intensity  of  1011  protons  can  be  reduced  by  a  factor  4  or 
the  nominal  bunch  spacing  of  25  ns  can  be  doubled;  in 
both  cases  the  heat  load  for  <5max  =  1.8  becomes  about 
400  mW/m  at  7  TeV  and  can  be  further  reduced  by  stop¬ 
ping  the  ramp  at  an  intermediate  energy.  Another  solution 

*  Email:  Noel.Hilleret@cem.ch 

*The  corresponding  low-frequency  inductive  impedance,  estimated 
by  M.  D’Yachkov  to  a  few  mfi,  is  very  small  compared  to  the  LHC 
impedance  budget  of  some  250  mf2.  The  high  frequency  behaviour  of 
the  impedance  and  the  parasitic  losses  for  a  periodic  ribbed  (or  slotted) 
surface,  especially  in  connection  with  a  possible  surface  wave,  are  be¬ 
ing  investigated  by  A.  Mostacci;  according  to  preliminary  estimates  they 
should  be  negligible. 


to  increase  the  critical  yield  during  the  conditioning  period, 
possibly  more  effective  in  terms  of  beam  stability  control, 
is  to  have  satellite  bunches  with  an  intensity  of  15-20%  of 
the  nominal  bunch  intensity  and  a  spacing  of  5  ns  (two  RF 
wavelengths).  Such  satellites  behave  as  clearing  bunches 
and  remove  slow  secondary  electrons  before  the  next  nom¬ 
inal  bunch  arrives;  for  reduced  reflectivity  the  correspond¬ 
ing  critical  yield  can  be  increased  to  almost  a  value  of  two. 

To  get  a  rough  estimate  of  the  minimum  time  required 
for  surface  conditioning2,  let  us  assume  a  maximum  heat 
load  of  200  mW/m,  compatible  with  cooling,  and  an  av¬ 
erage  electron  energy  around  200  eV.  This  is  consistent 
with  simulation  results  discussed  in  Section  4  for  a  nominal 
LHC  proton  beam  with  satellite  bunches.  The  correspond¬ 
ing  linear  flux  of  electrons  bombarding  the  screen  surface  is 
6  x  1015  s-1m-1.  Since  a  meter  of  LHC  beam  screen  has 
a  surface  of  1.25  x  105  mm2,  the  electron  dose  accumu¬ 
lated  per  hour  is  2P.Q.mW/m  -g— m— -a.  1.6 x  Hr19C  ~ 

8  x  10-9  and  the  beam  scrubbing  time  required 

to  accumulate  the  required  electron  dose  of  1  mC/mm2  is 
about  35  hours. 

2  MEASUREMENTS  OF  SECONDARY 
ELECTRON  YIELD 

The  secondary  electron  yield  Jsey  of  metals  is  depend¬ 
ing  drastically  on  the  composition  and  the  roughness  of  the 
surface.  It  is  therefore  very  important  to  measure  the  real 
5sey  of  technical  materials  used  in  accelerators  such  as  the 
copper  colaminated  on  stainless  steel,  the  proposed  mate¬ 
rial  for  the  LHC  beam  screen.  The  <5sey  of  a  copper  sur¬ 
face  can  be  modified  by  surface  treatments  like  titanium  ni¬ 
tride  deposition  [3],  air  oxidation  [4]  or  by  in  situ  electron 
bombardment.  This  latter  effect  was  first  reported  by  M. 
Lavarec  et  al  in  Ref.  [5].  Further  investigation  carried  out 
at  CERN  have  shown  that  this  effect  also  exists  for  stainless 
steel,  aluminium  and  copper.  Figurel  shows  the  variation 
of  <5sey  as  a  function  of  the  primary  electron  energy,  for  a 
sample  of  copper  colaminated  on  stainless  steel,  before  and 
after  electron  bombardment.  This  bombardment  was  made 
in  an  unbaked  vacuum  system  at  a  pressure  of  10~5  Pa,  us¬ 
ing  500  eV  electrons  and  corresponded  to  an  electron  dose 
of  5  x  10-3  C/mm2.  The  maximum  yield  <5max  decreased 
from  2.2  at  an  electron  energy  of  300  eV  in  the  initial  stage 
to  1 .2  for  an  electron  energy  of  450  eV  after  this  bombard¬ 
ment.  The  variation  of  <5sey  during  the  bombardment  un¬ 
der  similar  experimental  conditions  is  shown  in  Fig.  2.  The 
yield  measured  at  the  bombardment  energy  (respectively 

2This  estimate,  independent  of  reflectivity  and  photoelectron  yield,  has 
been  suggested  by  C.  Benvenuti. 
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500  eV  and  100  eV)  is  plotted  as  a  function  of  the  dose  re¬ 
ceived  by  the  sample.  Below  a  dose  of  10-6  C/mm2,  5s ey 
does  not  change  significantly  and  correponds  to  the  ‘true 
yield’  of  the  surface.  For  higher  doses  it  decreases  towards 
a  stable  value  reached  for  a  dose  greater  than  10"3  C/mm2. 
The  effect  is  similar  for  both  primary  energies  of  100  eV 
and  500  eV.  Although  not  fully  understood,  this  effect  can 
explain,  at  least  partly,  the  efficiency  of  the  well  known 
procedure  of  ‘RF  conditioning’  in  RF  devices.  Other  ex¬ 
periments  have  shown  that  the  alteration  of  the  yield  is  lo¬ 
calised  to  the  electron  impact  region  and  is  permanent  un¬ 
der  vacuum.  Part  of  the  5s ey  reduction  remains  after  an 
air  exposure  and  the  colour  of  the  copper  surface  is  slightly 
changed  at  the  location  of  the  beam  impact.  More  inves¬ 
tigations  are  underway  to  elucidate  the  origin  of  this  very 
useful  effect. 


Figure  1 :  Variation  of  5sey  as  a  function  of  the  primary 
electron  energy,  for  a  sample  of  copper  colaminated  on 
stainless  steel,  before  and  after  bombardment  with  500  eV 
electrons,  corresponding  to  a  dose  of  5  x  10-3  C/mm2. 
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Figure  2:  Secondary  electron  yield  measured  at  the  bom¬ 
bardment  energy  (respectively  500  eV  and  100  eV)  as  a 
function  of  the  dose  received  by  the  sample. 


3  MULTIPACTING  TESTS 

We  have  investigated  beam-induced  multipacting  by  means 
of  a  travelling-wave  coaxial  multi-wire  chamber,  the  elec¬ 
tric  field  produced  by  a  bunched  proton  beam  being  simu¬ 
lated  by  short  square  RF  pulses  applied  to  six  equispaced 
wires  parallel  to  the  axis  of  a  1 .4  m  long  stainless  steel  vac¬ 
uum  chamber  with  100  mm  diameter.  The  output  from  the 


amplifier,  driven  by  a  pulse  generator,  is  DC  free  and  a  bias 
voltage  has  to  be  applied  to  the  wires  to  shift  the  pulses  by 
the  desired  voltage;  the  power  coming  out  from  the  cham¬ 
ber  is  then  absorbed  by  a  line  load.  Electrons  close  to 
the  chamber  wall  are  accelerated  towards  the  center  of  the 
chamber  by  the  pulsed  electric  field.  They  may  reach  the 
opposite  side  of  the  chamber  and  produce  secondary  elec¬ 
trons  if  their  energy  is  sufficient.  Resonance  conditions  are 
met  if  the  next  pulse  is  present  at  that  time,  and  as  a  result, 
the  electron  multiplication  grows  up  exponentially.  Multi¬ 
pacting  build-up  is  recorded  by  a  positively  biased  electron 
pick-up,  consisting  of  a  round  button  probe  with  1  cm  di¬ 
ameter.  Evidence  of  multipacting  instability  in  the  cham¬ 
ber  is  given  by  a  fast  pressure  increase,  while  a  negative 
current  is  recorded  at  the  pick-up.  In  addition  a  complete 
suppression  of  the  electron  multiplication  may  be  obtained 
by  applying  a  solenoidal  magnetic  field  with  an  intensity  of 
only  a  few  gauss.  For  a  fixed  pulse  amplitude  of  140  V  and 
a  period  of  20  ns,  multipacting  is  observed  in  a  window  of 
pulse  widths  between  7  and  1 6  ns.  A  similar  behaviour  is 
measured  for  the  same  pulse  amplitude  and  a  fixed  width  of 
10  ns,  in  a  window  of  pulse  periods  between  17  and  22  ns. 
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Figure  3:  Minimum  pulse  amplitude  required  for  multi¬ 
pacting  as  a  function  of  the  integrated  electron  dose:  before 
bake-out  (lower  curve)  or  after  bake-out  at  300°. 

Consistently  with  the  results  discussed  in  the  previous 
section,  a  multipacting  intensity  decreasing  exponentially 
with  time  has  been  monitored  by  measuring  the  minimum 
pulse  amplitude  needed  to  trigger  the  electron  multiplica¬ 
tion  (see  Fig.  3).  Surface  conditioning  due  to  electron  bom¬ 
bardment  results  in  a  reduction  of  the  secondary  emission 
yield,  and  the  pulse  amplitude  has  to  be  increased  to  sup¬ 
ply  the  electrons  with  sufficient  energy  to  have  an  aver¬ 
age  5sey  >  1  at  the  wall.  After  baking  the  cavity,  the 
minimum  pulse  amplitude  required  for  multipacting  is  in¬ 
creased  by  50%.  In  addition,  the  same  cleaning  effect  is 
achieved  with  one  order  of  magnitude  less  electron  dose. 
The  latter  is  estimated  by  integrating  the  current  measured 
by  the  electron  pick-up  during  multipacting  and  normalis¬ 
ing  the  accumulated  electric  charge  by  the  pick-up  surface. 

An  energy  spectrum  analyzer  has  been  used  to  mea¬ 
sure  the  energy  distribution  of  the  electrons  hitting  the  wall 
of  the  chamber  during  multipacting.  Such  distribution  is 
peaked  around  a  single  energy  value  and  has  a  typical  width 
of  10  eV.  Figure  4  shows  the  linear  dependence  of  the  en- 
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ergy  peak  from  40  to  85  eV  on  the  pulse  amplitude  from 
80  to  200  V,  then  for  higher  electric  fields  the  electrons  are 
slightly  decelerated  before  they  reach  the  opposite  side  of 
the  chamber,  due  to  the  electric  field  configuration. 


100 


Figure  4:  Peak  of  the  energy  distribution  for  the  electrons 
hitting  the  wall  during  multipacting  as  a  function  of  the 
pulse  amplitude:  experimental  data  (triangles)  are  in  rela¬ 
tively  good  agreement  with  simulation  results  (circles). 


4  SIMULATION  RESULTS 

The  simulation  results  shown  in  Fig.  5  refer  to  the  LHC 
dipole  beam  screen  and  have  been  performed  assuming  a 
photoelectron  yield  Sye  ~  0.2  and  a  surface  reflectivity  of 
10%3.  The  maximum  secondary  electron  yield  corresponds 
to  a  primary  electron  energy  of  300  eV  and  secondary  elec¬ 
trons  have  a  Gaussian  energy  distribution  with  5  eV  r.m.s. 
value  and  cut-off  at  5  sigma.  There  are  50  slices  per  bunch 
and  again  50  slices  for  each  inter-bunch  gap. 

With  nominal  LHC  bunch  intensity  and  spacing,  but  with 
satellite  bunches  at  a  distance  of  2  RF  buckets,  the  heat 
load  for  <5max  =  1.8  is  180  mW/m  and  the  estimated  scrub¬ 
bing  time  is  43  hours.  As  shown  in  Fig.  6  there  is  a  win¬ 
dow  around  15-20%  for  the  relative  intensity  of  satellite 
bunches,  where  the  heat  load  is  significantly  reduced;  the 
corresponding  critical  value  of  <5max  is  large  (above  1.8). 
This  effect  is  less  pronounced  for  satellites  at  a  distance 
of  only  one  RF  wavelength.  For  lower  intensities  of  the 
satellite  bunches,  the  effect  of  space  charge  repulsion  is  re¬ 
duced  and  the  heat  load  increases.  For  a  reduced  reflectiv¬ 
ity  of  2%  and  a  photoelectron  yield  of  0.1,  the  heat  load 
becomes  only  15  mW/m  and  the  corresponding  scrubbing 
time  increases  to  about  45  days.  This  is  the  same  time  esti¬ 
mated  by  taking  into  account  only  photoelectrons. 
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Figure  5:  Heat  load  versus  bunch  population  for  differ¬ 
ent  values  of  <5max  and  10%  reflectivity:  without  (top)  and 
with  (bottom)  satellite  bunches  having  20%  of  the  nominal 
bunch  intensity  and  a  spacing  of  5  ns. 


Figure  6:  Heat  load  vs  relative  intensity  of  satellite 
bunches,  following  nominal  LHC  bunches  at  2  RF  wave¬ 
lengths,  with  (solid  line)  or  without  (dashed  line)  elastic 
electron  reflection  as  described  in  Ref.  [2],  with  <jmax  =  1.6 
and  10%  reflectivity. 
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Abstract 

The  50  TeV  very  large  hadron  colliders  studied  at  the  1996 
Snowmass  workshop  were  taken  to  have  an  injection  en¬ 
ergy  of  3  TeV.  As  the  injection  energy  increases,  the  cost 
and  complexity  of  the  final  injector  increases,  while  that  of 
the  collider  decreases.  In  this  paper,  we  would  like  to  con¬ 
sider  the  extreme  case  of  a  full  energy  injector.  Presumably, 
this  produces  the  maximum  benefit,  in  terms  of  technical 
simplification  and  cost  reduction,  for  the  collider,  at  the 
cost  of  having  to  build  a  rather  large  injector.  We  consider 
the  specific  case  of  a  50  TeV  high-field  radiation-damped 
collider  (12.5  T  magnets),  whose  injector  is  a  50  TeV  low- 
field  (2  T  magnets)  machine.  We  discuss  the  general  ad¬ 
vantages  and  disadvantages  of  this  approach. 

1  INTRODUCTION 

The  50  TeV  very  large  hadron  colliders  studied  at  the  1996 
Snowmass  workshop  were  taken  to  have  an  injection  en¬ 
ergy  of  3  TeV.  With  this  injection  energy,  the  50  TeV  ring 
must  have  a  dynamic  range  of  about  16;  this  is  a  rea¬ 
sonable,  conservative  choice.  Existing  hadron  colliders 
have  dynamic  ranges  varying  from  7  (Tevatron)  through  20 
(HERA);  LHC  is  planning  to  have  about  16  also.  The  im¬ 
plicit  assumption  is  that,  to  minimize  the  total  costs,  one 
should  have  as  low  an  injection  energy  as  possible.  This 
strategy  certainly  minimizes  the  cost  of  the  injector,  but  the 
cost  of  the  collider  may  be  higher,  since  it  must  operate 
over  an  extended  dynamic  range.  It  is  not  obvious  that  min¬ 
imizing  the  cost  of  the  injector  serves  to  minimize  the  cost 
of  the  total  project. 

If  one  begins  to  consider  a  higher  energy  injector,  it  is 
natural  to  consider  an  injector  which  shares  the  same  tun¬ 
nel  as  the  collider.  This  approach  was  considered  in  some 
early  SSC  studies[l].  Let  us  consider  a  50  TeV  high-field 
collider,  with  dipoles  operating  at  12.5  T.  The  injector  will 
have  an  energy  equal  to  50  TeV  times  the  ratio  of  its  dipole 
field  to  that  of  the  collider.  For  example,  an  injector  made 
using  SSC  dipoles  (6  T  field)  would  provide  about  25  TeV 
injection  energy;  an  injector  made  using  2  T  superferric 
magnets  would  provide  8  TeV  injection  energy.  The  col¬ 
lider  dynamic  range  requirement  is  reduced  to  2  or  6,  re¬ 
spectively,  in  these  cases.  Some  of  the  generic  benefits  of 
this  approach  are  considered  in  [1]. 

In  this  paper,  we  would  like  to  consider  the  extreme  case 
of  a  full  energy  injector.  Presumably,  this  produces  the 
maximum  benefit,  in  terms  of  technical  simplification  and 
cost  reduction,  for  the  collider,  at  the  cost  of  having  to  build 
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a  rather  large  injector.  We  shall  consider  the  specific  case 
of  a  50  TeV  high-field  radiation-damped  collider  (12.5  T 
magnets),  whose  injector  is  a  50  TeV  low-field  (2  T  mag¬ 
nets)  machine.  (See  Fig  1.) 


2  ADVANTAGES  AND  DISADVANTAGES 

There  are  several  significant  advantages  to  the  collider  with 
this  approach.  First  of  all,  the  magnet  aperture  can  be  made 
significantly  smaller.  The  beam  size  at  injection  is  quite 
small  (see  below),  and  if  the  closed  orbit  errors  can  be  kept 
under  control,  the  coil  diameter  may  be  able  to  be  reduced 
to  as  small  as  12-15  mm.  The  reduction  in  the  beam  emit- 
tance  due  to  radiation  damping,  together  with  the  fact  that 
the  machine’s  dynamic  aperture  will  be  determined  in  colli¬ 
sion  by  the  interaction  region  optics,  should  greatly  ease  the 
field  error  tolerance  for  the  arc  dipoles.  The  high  field  mag¬ 
nets  will  be  able  to  be  realized  with  lower  currents,  and  the 
forces  correspondingly  will  be  reduced.  Moreover,  since 
the  collider  has  a  fixed  field,  persistent  current  problems 
will  be  absent:  this  may  be  particularly  important  for  mag¬ 
nets  that  use  high  temperature  superconductor.  The  mag¬ 
nets  need  only  be  optimized  for  one  operating  point,  which 
could  substantially  ease  their  design. 

Since  acceleration  is  not  necessary,  the  rf  system  is  only 
needed  to  supply  the  energy  lost  through  synchrotron  radi¬ 
ation,  and  to  provide  the  voltage  needed  for  the  required 
bunch  length.  This  could  result  in  a  simpler  rf  system. 
Beam  stability  issues  will  be  eased,  despite  the  small  aper¬ 
ture,  since  the  beam  is  always  at  full  energy.  The  beam 
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abort  system  will  be  simpler,  as  it  will  operate  at  a  fixed 
energy. 

The  collider  will  also  be  able  to  be  filled  very  rapidly. 
In  fact,  the  collider  can  be  “topped  off’  periodically,  which 
means  the  luminosity  need  never  go  to  zero  (except  when 
the  beam  is  lost),  which  will  result  in  higher  integrated  lu¬ 
minosity. 

The  obvious  disadvantage  is  the  need  to  build  a  very 
•large  50  TeV  injector  (together  with  its  very  large  tun¬ 
nel),  and  full  energy  transfer  lines  and  injection  systems. 
However,  the  2  T  magnets  can  be  very  simple:  only  one 
beam  tube  is  required,  so  a  simple  C-magnet  design  may 
be  the  best  approach,  perhaps  driven  by  a  transmission  line 
as  in  the  Foster  design[2].  The  field  quality  requirements 
should  not  be  very  severe,  as  the  beam  emittance  is  not 
crucial,  due  to  the  radiation  damping  in  the  collider.  The 
aperture  could  be  small,  since  some  multibunch  stability 
issues  are  mitigated  due  to  the  low  current  needed  for  the 
final  machine:  only  a  fraction  of  the  circumference  needs  to 
be  filled.  Single-bunch  stability  issues  will  remain  impor¬ 
tant,  although  they  may  be  minimized  if  a  bunch  coalesc¬ 
ing  scheme  is  adopted.  The  vacuum  requirements  should 
not  be  severe,  since  the  beam  does  not  stay  in  the  ring  for  a 
very  long  time.  The  low-field  machine  would  also  be  avail¬ 
able  for  a  50  TeV  fixed-target  program  between  collider 
fills. 

3  COLLIDER  MAGNET  APERTURE 

The  required  aperture  in  a  collider  is  typically  determined 
by  the  beam  size  and  the  closed  orbit  deviations;  in  addi¬ 
tion,  an  allowance  is  usually  also  made  for  injection  errors. 
The  maximum  rms  beam  size  at  injection  is  given  by 

*l  =  ^  +  {f,as?.  (1) 

Here  e  is  the  normalized  rms  emittance,  7  =  Einj/mc2, 
and  as  is  the  rms  relative  momentum  spread.  For  90°  cells 
of  length  2L,  wehave/?mox  =  3.41  Land?)  =  2.71  L2/R, 
where  L  is  the  half  cell  length  and  R  is  the  ring  radius. 
Using  the  beam  parameters  e  =  1  mm-mrad  and  as  = 
50  x  10~6,  and  with  R  =  16.7  km,  L  =  150  m,  we  have 
a x  =  208  /zm.  The  closed  orbit  deviation  due  to  N  random 
angular  deviations  of  rms  amplitude  ag  is  given  by 
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in  which  /3  is  the  average  amplitude  function  at  the  lo¬ 
cations  of  the  errors,  and  v  is  the  betatron  tune.  Angu¬ 
lar  deviations  may  arise  from  quadrupole  alignment  errors 
(taken  to  have  an  rms  value  of  200  /zm),  the  roll  angle  of 
the  dipoles  (rms  value  250  /zrad),  and  the  relative  dipole 
field  errors  in  the  dipoles  (rms  value  3  x  10-4).  The  total 
rms  closed  orbit  deviation  (quadrature  sum  of  the  contri¬ 
butions  from  these  three  sources)  is  about  10  mm  without 
correction.  Assuming  the  orbit  is  corrected  perfectly  at  the 


beam  position  monitors  (located  at  focusing  quadrupoles), 
the  rms  residual  orbit  error  (including  defocusing  quad  lo¬ 
cations)  would  be  about  60  /zm.  We  assume  this  is  within 
the  monitor  resolution.  The  required  beam  pipe  aperture 
would  thus  be  dictated  by  the  position  monitor  alignment 
with  respect  to  the  quadrupole  centers,  which  is  taken  to  be 
about  200  /zm.  Adding  this  to  the  beam  size  contribution 
gives  about  400  /zm;  allowing  a  factor  of  five  to  encompass 
the  entire  distribution  results  in  a  required  radial  aperture 
of  2  mm. 

Allowing  an  additional  1  mm  radial  aperture  for  injec¬ 
tion  errors  and  other  miscellaneous  effects  brings  the  total 
radial  aperture  to  3  mm.  The  beam-stay-clear  diameter  is 
thus  6  mm.  This  could  be  accommodated  in  a  15  mm  diam¬ 
eter  magnet  coil  bore;  the  good  field  region  is  required  to 
be  40%  of  the  coil  diameter,  and  a  radial  space  of  4.5  mm 
is  available  for  the  implementation  of  the  required  beam 
screen/cryosorber  system  to  pump  the  gases  desorbed  by 
synchrotron  radiation. 

The  meaning  of  “good  field  region”  in  this  case  requires 
considerable  study.  The  presence  of  synchrotron  radiation 
damping  means  that  emittance  growth  mechanisms  with  a 
time  scale  greater  than  the  damping  time  (about  3  x  107 
turns)  will  not  be  important.  This  may  allow  a  more  toler¬ 
ant  requirement  on  the  field  errors.  The  motion  within  the 
“good  field  region”  may  not  need  to  be  completely  linear. 
The  SSC  CDR  tracking  studies  found  a  dynamic  aperture 
of  12  mm  with  a  40  mm  coil  diameter[3].  If  the  aperture 
scales  with  the  square  of  the  coil  diameter,  a  20  mm  coil  di¬ 
ameter  would  be  required  to  obtain  a  3  mm  dynamic  aper¬ 
ture.  Study  will  be  required  to  determine  whether  the  field 
errors  associated  with  a  15  mm  coil  diameter  would  be  tol¬ 
erable  in  the  presence  of  synchrotron  radiation  damping. 

There  is  considerable  current  interest  in  common-coil, 
block  designs  for  high  field  magnets.  Such  designs  should 
be  able  to  more  easily  accommodate  smaller  apertures  than 
cos-theta  designs.  In  addition,  the  simplicity  of  the  block 
magnet  design  should  minimize  the  random  errors,  which 
must  be  extremely  well  controlled  for  small  aperture  mag¬ 
nets. 


4  INJECTION 

The  simplest  injection  scheme  loads  the  full-energy  injec¬ 
tion  with  a  bunch  train  of  the  same  length  as  the  collider. 
This  bunch  train  is  then  accelerated  to  full  energy  and  trans¬ 
ferred  in  a  single  turn  into  the  collider.  For  the  counter 
propagating  beam,  the  polarity  of  the  injector  is  reversed, 
the  beam  is  accelerated,  and  transferred  using  a  separate 
injection  line  into  the  collider. 

For  a  low-field  injector  with  a  warm  beam  tube,  it  is 
important  to  limit  the  injected  beam  current  because  of 
potential  stability  issues  related  to  the  large  resistive-wall 
impedance.  Since  only  a  fraction  of  the  circumference  is 
filled,  multibunch  stability  problems  are  somewhat  allevi¬ 
ated.  Single  bunch  stability,  which  depends  on  the  mag¬ 
nitude  of  the  peak  current,  can  also  be  enhanced  by  coa- 
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Luminosity 


Figure  2:  Topping  off. 


lescing.  The  injected  beam  can  be  distributed  into  a  large 
number  of  bunches,  with  reduced  intensity  in  each  bunch, 
and  accelerated  to  full  energy  in  this  form  using  a  high  fre¬ 
quency  rf  system.  At  full  energy,  before  beam  transfer,  the 
bunches  can  be  coalesced  into  a  smaller  number  of  bunches 
with  the  correct  time  structure,  and  then  transferred  to  the 
collider.  This  limits  the  peak  current  per  bunch  at  injection 
and  raises  the  stability  thresholds. 

Although  a  conventional  full-aperture  kicker  can  be  used 
in  the  collider,  there  may  be  a  significant  advantage  in  the 
use  of  a  partial-aperture  shuttered  kicker  at  a  point  of  high 
dispersion.  In  this  scheme,  additional  beam  may  be  in¬ 
jected  while  circulating  beam  is  already  in  the  machine; 
this  is  similar  to  the  “topping-off”  procedure  used  in  elec¬ 
tron  colliders.  In  principle,  a  significant  gain  in  integrated 
luminosity  may  be  realized,  since  the  beam  need  never  be 
dumped,  and  the  topping  off  can  be  used  to  replace  the 
beam  lost  through  interactions  at  the  IP. 

One  possible  arrangement  to  achieve  this  is  the  follow¬ 
ing.  The  beam  is  injected  with  a  small  relative  energy  offset 
S  =  A E/E\  the  kicker  is  located  at  a  point  of  dispersion,  rj. 
The  distance  between  the  on-energy  beam  and  the  injected 
beam  is  tj<5;  this  distance  is  made  sufficiently  large  that  a 
shutter  can  be  inserted  between  the  injected  beam  and  the 
circulating  beam.  When  the  kicker  fires  to  put  the  injected 
beam  onto  the  closed  orbit,  the  shutter  is  closed,  and  the 
circulating  beam  does  not  see  the  kicker  field.  The  shutter 
is  then  opened.  Due  to  the  synchrotron  radiation,  the  beam 
damps  and  eventually  <5  =  0.  During  the  damping  time, 
because  of  the  synchrotron  oscillations,  the  injected  beam 
will  (longitudinally)  miss  the  circulating  beam  at  the  IP,  and 
so  some  reduction  in  luminosity  will  result.  However,  after 
a  couple  of  damping  times,  the  injected  beam  will  merge 
with  the  circulating  beam,  resulting  in  full  luminosity.  This 
process  can  then  be  repeated.  By  adjusting  the  amount  of 
beam  injected  each  time,  the  luminosity  may  be  maintained 
at  a  relatively  constant  level  until  a  failure  causes  the  loss 
of  the  stored  beam.  (See  Fig.  2.) 


5  CONCLUSION 

In  this  paper  we  have  considered  some  of  the  features  of  a 
high-field  very  large  ( Ecm  =  100  TeV)  hadron  collider  with 
a  low-field  full-energy  injector.  Probably  the  principal  ad¬ 
vantage  of  such  an  approach  is  that  the  collider’s  high  field 
magnets  can  be  designed  and  operated  at  a  fixed  field,  and 
may  have  a  small  aperture.  Such  magnets,  which  would  be 
free  from  persistent  current  effects,  could  be  smaller  and 
less  expensive  than  in  the  conventional  approach,  in  which 
dynamic  ranges  greater  than  10  to  1,  and  apertures  suffi¬ 
cient  to  handle  the  low-energy  injected  beam,  are  required. 
Additional  advantages  include  simplifications  in  auxiliary 
systems  (abort,  rf,  focusing  insertions)  due  to  the  fixed  en¬ 
ergy  of  the  ring.  The  injection  process  can  take  place  dur¬ 
ing  collider  operation,  utilizing  radiation  damping  to  bring 
the  beam  onto  the  reference  orbit.  This  could  allow  the  ma¬ 
chine  to  be  “topped  off,”  as  is  done  with  existing  electron- 
positron  colliders;  an  increase  in  the  integrated  luminosity 
could  result. 

The  disadvantage  to  this  approach  is  the  need  to  build 
the  low-field  injector,  and  its  very  large  tunnel.  The  key 
question  regarding  the  economic  viability  of  this  scheme  is 
whether  the  simplifications  afforded  in  the  collider  result  in 
sufficient  savings  to  more  than  offset  the  cost  of  the  large 
injector.  A  detailed  trade  study  would  be  needed  to  answer 
this  question. 
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Abstract 

The  low  field  option  for  the  VLHC  includes  a  3  TeV 
proton  booster  with  a  circumference  of  34  km.  We  are 
studying  the  option  of  an  electron  ring  to  fit  in  this  tunnel 
which  can  produce  ep  collisions  with  a  luminosity  of  1  fb' 
Vyr  with  a  center  of  mass  energy  of  1  TeV.  The  machine 
would  utilize  superconducting  rf  and  small  low  field 
magnets  for  the  ~80  GeV  electron  beam.  We  describe  the 
vacuum  chamber  /  magnet  system,  rf  power  supply 
requirements,  vacuum  chamber  cooling,  interaction 
regions  and  installation  of  the  facility  in  the  tunnel,  as 
well  as  provide  preliminary  estimates  of  beam  stability 
and  lifetimes. 

1  INTRODUCTION 

The  present  studies  for  the  Very  Large  Hadron  Collider 
(VLHC)  [1]  consider  both  high  (10-14  T)  and  low  field  (2 
T)  options  for  reaching  100  TeV  in  the  center  of  mass. 
The  low  field  option  includes  a  34  km  circumference 
tunnel  for  a  3  TeV  booster.  We  are  considering  an  80 
GeV  electron  ring  in  this  tunnel  to  produce  an  ep  collider 
which  could  extend  the  operating  range  for  ep  collisions  to 
Vs  =  1  TeV.  If  this  machine  utilized  existing  detectors 
and  some  of  the  352  Mhz  superconducting  cavities 
available  after  LEP  was  decommissioned,  the  cost  could 
be  considerably  reduced.  This  machine  could  produce 
physics  during  the  construction  of  the  large  VLHC 
collider  ring. 

We  have  assumed  that  the  minimum  requirements  of 
such  a  machine  would  have:  1)  sufficient  luminosity  to 
produce  1  fb  '/y,  2)  the  ability  to  collide  e+  and  e ,  3) 
useful  polarization,  4)  adequate  beam  lifetime,  5)  detector 
access  to  the  maximum  range  of  momentum  transfer  Q 2, 
and,  6)  Vs  ~  1  TeV.  In  addition,  the  priorities  of  this 
machine  seem  to  imply  operation  with  or  before,  rather 
than  after,  the  LHC. 

We  have  looked  at  issues  which  would  affect  the  cost 
and  performance  of  the  machine  with  the  aim  of 
determining  its  feasibility. 

2  BASIC  PARAMETERS 

The  parameters  of  the  machine  determined  by  fixing 
synchrotron  radiation  loss,  and  the  /T’s  for  the  proton 
beam  at  the  interaction  point  and  limiting  the  beam  beam 
tune  shifts,  £,  for  the  proton  and  electron  beams,  are  given 


*  e-mail:  norem@hep.anl.gov 


in  the  following  table.  We  have  assumed  that  the  proton 
ring  would  be  the  low  field  VLHC  injector  described  in 
[2],  the  injector  chain  would  be  located  at  Fermilab,  and 
that  the  synchrotron  radiation  power  is  50  MW. 


PARAMETERS 


Circumference 

33962.13  m 

ep  Luminosity 

2.6- 1032  cm'V1 

Center  of  Mass  energy 

1  TeV 

Electron  energy,  Ee 

-80  GeV 

Proton  energy,  Ep 

3  TeV 

Synchrotron  radiation  Power 

50  MW 

Electron  ring  dipole  field 

0.009  -  0.06  T 

RF  frequency  in  electron  ring 

352  MHz 

Bunch  Spacing 

100  ns 

Number  of  bunches 

1140 

Arc  Cell  length 

100  m 

Bend  Radius 

4451  m 

Anaj/Amin  *  tl  Cell 

171/29  m 

P'JFp.r  2/0.5, 

0.115/0.115  m 

Z,eAe,r  Aa.x^p.y  0.01 1/0.021 ,  0.0014/0.0068 

Equilibrium  emittance 

28  nm-rad 

Electron  Beam  current 

55.3  mA 

Proton  beam  current 

200  mA 

protons/electronsperbunch  1 .25TO!1/3.43TOl0 

Energy  loss  per  turn 

0.814  GeV 

electron  rf  Voltage 

1.09  GV 

electron  energy  spread,  <7e/E 

1.03  TO'3 

Proton  emittance,  eRMSN 

3.610'6  mm-mr 

Expected  luminosity  lifetime 

-20  hr 

Sokolov-Ternov  polarization  time 

0.9  hr 

A  detector  similar  to  the  HERA/ZEUS  or  HI  would  have 
adequate  range  for  the  majority  of  experiments  planned  on 
this  machine,  with  smaller  detectors  for  low  Q2  events. 

The  electron  ring  would  be  located  in  the  tunnel 
above  the  proton  ring,  and  would  be  installed  at  the  same 
time. 


Figure  1,  The  collider  rings  in  the  tunnel. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2635 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


2.1  Lattice  Design 

Our  primary  design  criteria  are  a  low  beam  energy  spread, 
a  low  emittance  beam  to  get  a  small  spot  size  at  the  IP 
and  a  large  bending  radius  to  reduce  the  synchrotron 
radiation  power.  The  electron  ring  contains  two  180  degree 
arcs  connected  by  1.8  km  straight  sections.  The  arcs 
contain  half  cells  with  46  m  long  dipoles,  1.5  m  quads 
and  2.5  m  straights.  A  phase  advance  of  90°  is  chosen  in 
the  horizontal  plane  to  get  an  equilibrium  emittance  of  28 
nm-rad.  The  phase  advance  in  the  vertical  plane  will  be 
chosen  to  minimize  the  chromaticity  burden  and  ensure 
sufficient  dynamic  aperture.  We  have  assumed  an 
emittance  coupling  ratio  of  25  %  to  equalize  the  beam 
sizes  of  the  protons  and  electrons  at  the  IP.  The  Sokolov- 
Temov  polarization  time  for  electrons  is  sufficiently  short 
to  produce  polarization,  but  the  large  tune  spread  and 
density  of  depolarization  resonances  may  require  snakes  to 
make  the  spin  tune  independent  of  energy. 

A  preliminary  design  of  the  triplets  used  to  focus  the 
electrons  to  the  required  spot  sizes  at  the  IP  suggests  that 
superconducting  quadrupoles  will  be  required  for  the 
interaction  region.  The  smallest  /J*  achievable  is 
determined  by  the  available  gradients,  the  distance  to  the 
first  quadrupole  and  the  maximum  value  of  in  these 
quadrupoles.  In  order  to  ensure  a  good  quantum  lifetime, 
the  magnet  aperture  must  be  greater  than  10a.  With  the 
value  of  /?*  shown  in  Table  I,  the  first  quadrupole  may 
have  to  be  placed  as  close  as  lm  and  no  further  than  3  m 
from  the  IP.  The  focusing  of  the  protons  will  start  after 
the  two  beams  are  sufficiently  separated  so  that  the 
electrons  will  not  be  subject  to  the  fields  of  the  proton 
magnets.  The  design  could  be  similar  to  that  of  the 
interaction  region  in  HERA. 

2.2  Lifetime 

The  electron  beam  lifetime  has  been  calculated  with 
the  inclusion  of  the  following  effects:  i)  residual  gas 
scattering  with  an  initial  pressure  of  10'9  Torr  together 
with  synchrotron  radiation  induced  desorption  assuming  a 
desorption  coefficient  of  2x1  O'9,  ii)  e-p  bremsstrahlung  at 
the  single  IP,  iii)  quantum  lifetime  assuming  a  physical 
acceptance  of  10a  in  the  transverse  planes  and  an  RF 
acceptance  of  10aE,  iv)  Touschek  scattering.  These  four 
effects  lead  to  an  electron  lifetime  of  26  hours.  Other 
effects  not  included  such  as  ion  trapping,  effects  of  orbit 
distortion,  larger  emittances  and  energy  spread  on  the 
quantum  lifetime,  scattering  off  thermal  photons  etc.  will 
reduce  the  lifetime  somewhat  from  this  value. 

3  MAGNET  /  VACUUM  CHAMBER 

3.1  Vacuum  Chamber 

The  vacuum  chamber  aperture  is  determined  by  requiring 
10a  plus  0.2  cm  for  closed  orbit  distortion  in  both 


horizontal  and  vertical  planes.  We  have  used  an 
antechamber  to  increase  the  pumping  conductance  along 
the  length  of  the  chamber.  The  vacuum  chamber  is  made 
of  6063-T5  aluminum  extrusions  with  the  profile  shown 
in  Fig.  2  There  are  2  channels  included  to  heat  the 
chamber  during  bake-out  with  pressurized,  hot  water.  The 
length  of  the  chamber  sections  between  bellows  is  limited 
by  the  thermal  expansion  and  other  effects  to  about  9  m. 
With  a  chamber  section  anchored  at  the  center  of  a  dipole 
section,  both  ends  of  the  chamber  expand  about  2  cm 
during  bake-out.  The  ends  of  the  chamber  sections  are 
connected  to  20-cm  diameter,  stainless  steel  vacuum 
flanges  with  bimetallic  transition  pieces.  The  transition 
pieces  on  the  down  stream  ends  also  contain  simple  water 
cooled  absorbers  in  the  aluminum  parts  to  intercept  the 
synchrotron  radiation  that  would  strike  the  walls  and 
bellows  that  are  located  in  the  sections  just  beyond  the 
dipole  sections. 

The  vacuum  pumps  for  the  ring  are  30  1/s  ion  pumps 
located  at  the  ends  of  each  dipole  section.  The 
conductance  of  the  chamber  is  sufficient  to  give  pressures 
<10'9  torr  at  the  centers  of  the  chamber  sections  including 
the  effects  of  both  thermal  and  photo  desorption. 
Provisions  are  included  in  the  chamber  profile  to  permit 
the  use  of  NEG  strips.  This  may  allow  the  use  of  smaller 
and  fewer  numbers  of  ion  pumps. 

3.2  Dipoles 

The  electron  ring  must  operate  in  close  proximity  to  the 
proton  ring,  which  produces  peak  fringe  fields  that  are 
large  compared  to  the  field  strength  in  the  dipole  at 
injection  (90  G).  The  electron  ring,  therefore,  is  located 
inside  at  least  a  single  layer,  magnetic  shield  as  shown  in 
Fig.  2.  The  shield  also  provides  the  support  structure  for 
the  ring.  The  choice  of  thickness  and  the  number  of 
layers  in  the  shield  depend  on  the  separation  between  the 
two  rings.  A  single  layer  of  6-mm  thick  low  carbon  steel 
has  been  calculated  to  reduce  the  fringe  field  strength  to 
less  than  about  1  G  near  the  center  of  the  electron  dipole 
when  located  at  a  distance  of  about  2  m  from  the  center  of 
the  proton  dipole.  The  core  of  the  electron  dipole  is 
stacked  from  1.5-mm  thick  low  carbon  steel  laminations. 
Each  dipole  has  a  water  cooled,  copper  coil  consisting  of 
one  turn  per  pole. 


Figure  2.  The  magnet,  vacuum  chamber  and  support. 
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Each  of  the  608  lattice  dipoles  is  made  up  of  5  sections. 
The  sections  have  effective  lengths  of  8.96  m  with  30-cm 
spacings.  Each  dipole  section  has  a  3.5-cm  gap  height 
and  produces  central  fields  ranging  between  0.009  T  and 
0.0616  T.  The  conductor  size  is  1.55  cm  by  1.0  cm  with 
a  0.66-cm  diameter  hole.  The  peak  current  through  the 
dipole  is  876  A  resulting  in  peak  power  losses  of  4.3  kW 
per  section  for  a  total  of  6.6  MW  for  all  the  dipoles. 
Using  a  single  cooling  circuit  in  a  section,  a  water  flow  of 
0.1  1/s  is  required.  This  gives  a  temperature  rise  of  10°C 
in  the  water  and  a  total  flow  of  160  1/s  for  the  dipoles  in 
the  ring. 

3.3  Quadrupoles 

Each  of  the  608  lattice  quadrupoles  has  an  integrated 
strength  of  7.545  T,  a  bore  radius  of  2.5  cm,  and  cores 
stacked  from  1.5-mm  thick  low  carbon  steel  laminations. 

3.4  Vacuum  Chamber  Cooling 

Most  of  the  radiated  synchrotron  power  is  absorbed  on 
the  outside  radius  wall  (right  inside  face  in  Fig.  2)  of  the 
chamber  with  an  imbedded  water  channel  used  for  cooling. 
The  average  power  distribution  of  1 .64  kW/m  through  the 
180°  arcs  gives  14.7  kW  over  the  length  of  a  chamber 
section.  A  water  flow  of  0.18  1/s  gives  a  20°C  water 
temperature  rise  across  a  cooling  channel  and  a  total  flow 
of  552  l/s(8750  gal/min).  The  heated  water  would  be 
collected  in  pipes  which  would  be  located  underneath  the 
floor  and  these  pipes  would  discharge  into  the  two  injector 
tunnels  and  then  into  the  cooling  ponds. 

4  RF  SYSTEM 

Superconducting  rf  is  required  to  obtain  high  luminosities 
at  high  energies,  since  the  losses  in  normal  rf  cavities 
would  require  reduction  in  the  electron  beam  current.  The 
available  luminosity  at  high  energies  is  shown  in  Fig.  3. 


Luminosity  scaling  with  energy 


Figure  3,  Luminosity  for  different  rf  options. 


We  require  1.1  GV  of  rf  to  maintain  the  electron  beam  and 
we  assume  this  would  be  at  352  MHz.  The  cavities 
would  be  located  in  the  long  straight  section  opposite  the 
detector.  Minimizing  the  cost  of  SRF  cavities  is  obtained 


by  optimizing  the  RF  power  per  coupler,  or  the  number 
of  cells  per  cavity.  We  are  looking  at:  1)  geometry 
changes  to  spoil  multipactor  resonances,  2)  high 
temperature  in  situ  bakable  vacuum  seals  on  RF 
components  for  high  temperature  bakes,  and,  3)  in  situ 
RF  processing  utilizing  a  variable  standing-wave 
apparatus  to  scan  peak  electric  field  over  the  coupler 
region.  These  improvements  should  allow  delivery  of 
beam  power  per  coupler  to  levels  limited  by  RF  sources 
and  vacuum  windows,  about  1  MW  at  352  MHz . 

The  use  of  the  LEP  rf  would  require  rebunching  the 
protons  at  injection  into  the  3  TeV  ring.  We  assume  the 
electrons  occupy  one  bucket  in  35  at  the  LEP  frequency 
(1140  bunches),  and  proton  rf  operates  at  1/7  of  the  lepton 
rf,  i.e.  -50.3  MHz.  Proton  rebunching  should  be  done 
adiabatically,  initially  at  10  MHz.  Rebunching  and 
acceleration  would  be  done  at  50.3  MHz,  after  further 
bunching  this  frequency. 

5  INJECTOR  CHAIN 

In  addition  to  the  present  Fermilab  injector,  a  new  e+  /  e 
linac  would  be  required,  which  would  include  an 
accumulator  ring  for  positrons.  The  present  Booster  and 
Main  Injector  could  be  used  up  to  energies  of  4.5  and  10.5 
GeV,  respectively,  with  existing  rf.  The  Booster  would 
require  a  lattice  correction  package  to  adapt  the  combined 
function  lattice  to  electrons.  Present  positron  sources 
produce  ~91010  e+/sec,  and  the  collider  requires  3.261013 
e+  ,  so  e+  production  would  take  6  min.  An  electron 


Figure  4.  An  electron  injector  chain. 

6  CONCLUSIONS 

We  have  done  a  preliminary  study  of  an  ep  collider  that 
could  be  installed  in  the  low  field  booster  of  the  VLHC. 
This  machine  could  be  operational  before  the  LEP/LHC 
and  would  have  a  higher  luminosity  than  HERA/TESLA. 
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Abstract 

Accelerator  Technologies  useful  or  necessary  for  the 
construction  of  the  VLHC  (Very  Large  Hadron  Collider 
are  discussed.  The  VLHC  workshop  on  this  subject  (held 
in  February  1999  at  Jefferson  Lab)  is  summarized. 

1  OVERVIEW 

This  paper  is  based  on  the  results  of  a  workshop  held 
February  16-19,  1999  at  Thomas  Jefferson  National 
Accelerator  Facility  [1],  This  paper  represents  our 
summary  of  work  done  by  many  people.  We  have  made 
an  effort  to  refer  to  the  original  work  whenever  a  written 
reference  exists. 


2  VLHC  COSTS 

The  cost  of  the  VLHC  is  not  known.  One  goal  of  the 
VLHC  R&D  is  to  identify  potential  cost  reduction 
strategies.  For  purposes  of  comparison  a  cost  estimate  for 
the  SSC  is  shown  in  Figures  1  and  Figure  2. 

SSC  Collider  Costs 


Figure  1:  The  total  cost  of  the  SSC  collider  includes  all 
components  of  the  large  ring,  but  does  not  include  the 
other  accelerators,  the  detectors,  or  the  infrastructure. 


SSC  Collider  Costs 
Accelerator  Components 
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Figure  2:  A  breakdown  of  the  costs  of  the  “Other 
Accelerator”  components  shown  on  Figure  1. 


3  CRYOGENICS 

The  cryogenic  issues  for  every  accelerator  are: 

•  operating  temperature 

•  temperature  gradients 

•  temperature  stability 

From  both  a  capital  and  operating  cost  standpoint,  as 
well  as  availability,  it  is  desirable  to  switch  to  sensible 
heat  from  latent  heat  systems:  e.g.,  Nb3Sn  magnets 
operating  between  4.5  and  5.5  °K  versus  4.5  and  5.0  °K. 
For  NbTi  magnets  the  short  sample  curves  are  such  a 
strong  function  of  temperature  that  elevated  temperatures 
are  not  an  option.  In  fact,  lower  temperatures  are  often 
used.  For  Nb3Sn,  with  its  much  higher  critical 
temperature,  the  integrated  design  optimization  may  be 
different.  There  may  also  be  major  differences  between  the 
high  and  low  field  optimizations.  These  optimizations  are 
trade  off  between: 

•  Magnet  short  sample  limit 

•  Cryogenic  complexity  and  availability 

•  Cooling  passages  and  cryostat  sizes 

One  of  the  most  important  parameters  that  drives  both 
the  cost  and  availability  is  string  length  and/or  recooler 
spacing.  It  must  also  be  noted  that  the  costs  of  the 
HERA  and  LHC  distribution  systems  are  very  similar  to 
the  total  refrigerator  cost. 

3.1  Reliability  and  Maintenance 

System  optimizations  require  trade-offs  between 
efficiency  and  availability:  the  most  efficient  systems 
usually  do  not  provide  adequate  availability.  Scaling  LHC 
is  not  an  option;  a  simple  magnet  cryogenic  system  is 
required  for  VLHC.  The  Snowmass  138  km  LHC  scale 
up  would  have  had  8000  tunnel  cryogenics  valves  (1  valve 
per  dipole  average).  These  valves  would  more  than 
saturate  the  entire  cryogenic  un-availability  budget. 

One  of  the  continuing  issues  is  vendor  qualification: 
will  there  be  any  cryogenic  system  vendors  in  15  years? 
In  the  US,  the  industrial  cryogenic  expertise  has  decayed 
over  the  past  20  years,  due  to  retirements  and  corporate 
decisions  that  large  refrigeration  systems  are  unprofitable. 

3.2  Suggested  R&D  on  Cryogenics 

Some  R&D  should  probably  be  carried  out  for  the  VLHC: 

•  Flow  instabilities.  The  most  important  for  the  VLHC 
are  “Density  Wave  Instabilities”.  Numerical 
simulations  and  experiments  are  needed. 
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•  Cycle  and  efficiencies  for  sensible  heat  vs.  latent  heat 
systems.  Sensible  heat  systems  typically  provide 
system  simplifications  with  some  loss  of  efficiency. 
The  relative  advantages  should  be  studied  further. 

•  Magnetic  bearing  turbines.  Highly  reliable  turbines 
that  are  easy  to  operate  should  be  developed.  Today, 
ciyogenic  turbines  use  either  gas  or  oil  as  a  bearing 
and  also  as  a  brake.  In  the  future,  turbines  could  be 
built  with  magnetic  bearings  and  use  regeneration  as 
the  brake. 

4  BEAM  SCREENS 

The  LHC  beam  screen  system  has  received  an  enormous 
amount  of  attention  and  serves  as  an  example  for  VLHC. 
The  LHC  primary  cryogenic  screen  loads  are  Synchrotron 
radiation  and  photoelectrons,  but  resistive  losses  and 
nuclear  scattering  are  not  negligible.  Even  if  the 
cryogenic  impacts  are  neglected,  a  shield  is  required  to 
prevent  continual  liberation  of  molecules  adsorbed  by  the 
1.9  °K  beam  tube.  The  regeneration  interval  required  is 
much  longer  than  a  year. 

Both  4.5  and  20  °K  high  field  magnets  will  require  a 
beam  screen  due  to  beam  lifetimes;  CERN  data  implies 
warm-ups  every  50  hrs  without  a  beam  screen.  LHC 
requires  solutions  for  both  their  4.5  &  300  °K  magnets 
and  has  a  major  R&D  effort  in  progress.  Two  options  aie 
outlined  below  and  illustrated  in  Fig.  3. 

1 .  Physical  absorption 

a)  shield  is  required 

b)  absorber  (e.g.  metal  sponge)  is  required 

c)  tri-monthly  regeneration  at  20  °K 
2.  Chemical  adsorption 

a)  independent  bore  tube  is  required 

b)  annual  regeneration  at  600  °K 

c)  magnets  are  kept  at  their  operating  temperature 

d)  finite  life 


Plyjcd  touife*  Chimed  Mnupfan 
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5  INSTRUMENTATION 

There  do  not  appear  to  be  any  VLHC  devices  or 
technologies  that  are  especially  challenging.  The  long 
distances  and  limited  access  to  the  tunnel  require  an 
unprecedented  reliability  for  the  VLHC  instrumentation. 
The  following  design  principles  are  suggested  for  the 
design  of  VLHC  instrumentation. 

•  Placement  of  electronics  near  detectors 

•  Minimization  of  cable  plant 


•  Use  of  standardized  (commercial)  electronics 

•  Placement  of  electronics  to  minimize  radiation 
damage  and  monitoring  the  accumulated  does  (non- 
hardened  electronics  can  typically  tolerate  a  dose  of  10 
kRad) 

•  Achievement  of  reliability  by  redundancy 

•  Extensive  use  of  self-diagnostics 

•  Use  of  modularity 

•  Integration  of  different  systems,  but  allowing 
simultaneous  of  a  variety  of  simultaneous 
maintenance  activities 

6  RF  PARAMETERS 

We  have  considered  two  options  in  Table  1 :  478  MHz  to 
increase  the  longitudinal  spread  in  the  vertices  at  the 
interaction  point  or  1274  MHz  to  give  a  higher 
momentum  spread  and  synchrotron  frequency.  We  assume 
that  superconducting  cavities  will  be  used  although  room 
temperature  copper  cavities  could  be  used. 


Table  1 :  Two  options  for  VLHC  rf  parameters. 


frf 

478 

1274 

MHz 

Operating  temperature 

4.2 

2.0 

°K 

P 

6 

12 

MV/m 

Shunt  R/Q 

1000 

1000 

Ohm/m 

Coupler 

coax 

waveguide 

Cells/cavity 

4 

7 

Volts/cavity 

7.5 

9.9 

MV 

Beam  current 

127 

127 

mA 

cos((9t) 

0.5 

0.5 

Max.  beam  power 

480 

630 

kW 

Bucket  length 

21 

7.8 

cm 

Voltage  Cost 

.06 

.015 

$/V 

Cavities  for  200  MV* 

27 

20 

*We  chose  a  total  voltage  of  200  MV  for  the  low-field 
case  and  40MV  for  the  high-field  case  so  that  each  case 
has  the  same  acceleration  time  of  about  15  min  from  3  to 
50  TeV. 

7  INSTABILITIES 

Instabilities  that  may  occur  in  the  VLHC  were  considered 
at  the  workshop  [2],  Although  the  low  field  VLHC  is 
more  susceptible  to  some  important  instabilities,  none  of 
them  can  be  considered  as  a  “show-stopper.”  Even  at  the 
current  status  of  accelerator  physics  and  technology  there 
appear  to  be  adequate  tools  to  damp  or  eliminate  the 
potential  instabilities. 

7.1  Transverse  mode  coupling  instability 

The  frequencies  of  coherent  bunch  motion  (mode  0)  and 
head-tail  motion  (mode  1)  are  shifted  by  the  transverse 
impedance  towards  each  other  resulting  in  the  transverse 
mode  coupling  instability.  Several  methods  of  eliminating 
this  instability  have  been  proposed  and  are  summarized  in 
Table  2.  Not  all  of  the  methods  can  be  applied  simulta¬ 
neously,  and  some  of  them  are  unproven.  However,  it 
seems  likely  that  an  effective  solution  can  be  found. 
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Table  2:  Methods  for  damping  TCMI. 


Method 

Threshold  Increase 

Coalescing  at  50  TeV 

2.. .9 

“beam  shaving“ 

2.. .3 

thin  Cu,  Ag  coating 

-1.3 

Asymmetric  beam  pipe 

1.5.. .3 

RF  quadrupole 

2.. .4 

AC  chromaticity 

-10 

Feedback  system 

2.. .5. ..(more?) 

•  Measure  and  optimize  detuning  wakes. 

•  Test  a  prototype  rf  quadrupole. 

•  Evaluation  of  different  kinds  of  feedback  systems  for 
the  TMCI. 

•  Simulate  the  distributed  feedback  system. 

•  Gain  limitations  in  feedback  systems. 

A  more  detailed  explanation  of  these  proposals  can  be 
found  in  Ref.  1 . 

8  GROUND  MOTION 


7.2  Transverse  Coupled  Bunch  Instability 

The  Coupled-bunch  instability  is  most  severe  at  3  TeV 
and  is  proportional  to  the  total  beam  current.  It  is  driven 
by  the  low-frequency  transverse  impedance  resulting  from 
the  finite  conductivity  of  the  beam  pipe  walls.  The 
instability  growth  time  in  the  low-field  VLHC  varies 
from  4  to  0.4  turns  (depending  on  lattice  parameters),  and 
is  about  180  turns  in  the  high-field  case.  The  instability 
can  be  damped  with  use  of  a  distributed  feedback  systems 
[3]  as  shown  in  Figure  4. 


VLHC  coupled-bunch  instability  damping  scheme 


Signal  is  derived 
from  a  " difference " 
stripline  pickup 


Signal  is  amplified, 
transmitted  downstread 
to  a  point  90  degrees 
advanced  in  phase 


Signal  further  amplified 
applied  to  kicker  to 
provide  feedback 


Use  "foam"  coax,  v/c>0.8 
100-200  kHz  bandwidth 


Damping  rate  1/3  per  turn 
per  system  (50dB) 


The  fact  that  the  signal  is  applied  to  succeding  bunches 
does  not  matter  much  at  these  low  frequencies 


10  such  systems 
distributed  around 
the  ring  would 
provide  a  damping 
of>3/turn 


Turn-to-turn  dipole  magnetic  field  fluctuations  and 
vibration  of  quadrupole  magnets  can  cause  emittance 
growth  if  the  resulting  coherent  motion  is  not  corrected 
over  its  decoherence  time  (-1000  turns)  [5].  Measured 
ground  vibrations  in  deep  Illinois  dolomite  tunnels  are 
smaller  than  the  tolerances  for  both  LF  and  HF  options 
[6].  Cultural  noise  level  in  the  Tevatron  tunnel  is  several 
times  above  the  VLHC  tolerances  but  small  enough  to  be 
suppressed  by  the  coupled  bunch  mode  damper  system 
discussed  below.  The  frequency  spectrum  of  the 
fluctuations  in  the  magnetic  field  has  not  been  determined, 
and  experimental  measurements  are  needed  to  determine 
the  expected  magnitude  of  the  emittance  growth. 

9  FEEDBACK  SYSTEMS 

Table  3  lists  the  several  feedback  systems  that  may  be 
necessary  to  avoid  emittance  dilution  in  the  VLHC. 


Table  3:  VLHC  Feedback  Systems. 


System 

Comments 

1 

Damp  resistive  wall 
coupled  bunch  modes 
and  injection  errors 

high  gain 

100-200  kHz  bandwidth 

2 

Damp  high  frequency 
coupled  bunch  modes 

one  turn  delay 

26  MHz  bandwidth 

3 

Damp  azimuthal  mode  1 
(bunch-by-bunch) 

moderate  gain 

3  GHz  carrier  frequency 

26  MHz  bandwidth 

4* 

5 

Suppress  emittance 
growth 

Longitudinal  feedback 

moderate  gain 

5  kHz  bandwidth 

*System  1  is  more  than  adequate  to  perform  the  function 
of  System  4. 


Figure  4:  Proposed  distributed  coupled  bunch  instability 
damper  system.  The  instability  is  less  severe  in  the  high 
field  VLHC  because  of  the  smaller  circumference  and  also 
because  of  the  (assumed)  higher  conductivity  of  the 
cryogenically  cooled  beam  pipe. 

7.3  R&D  Opportunities 

There  are  several  R&D  opportunities  discussed  at  the 
workshop: 

•  Study  the  TMCI  experimentally,  particularly  in 
proton  machines.  It  may  be  possible  to  excite  the 
TMCI  by  a  controlled  increase  of  the  Tevatron 
impedance  with  an  electron  beam  set-up  [4], 
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Abstract 

The  goal  of  the  Very  Large  Hadron  Collider  (VLHC)  is 
to  extend  the  energy  frontier  beyond  LHC.  The  proposed 
design  center  of  mass  energy  for  the  VLHC  pp  collider  is 
100  TeV,  with  a  luminosity  of  lxlO34  cm ‘sec'1  and  an 
integrated  luminosity  of  about  100  fb'1  per  year.  In  this 
paper  we  present  a  summary  of  work  conducted  during  a 
workshop  and  issues  we  feel  are  most  important. 
Accelerator  Physics  issues  and  design  aspects  specific  to 
both  the  high  field  and  low  field  magnet  technologies 
were  studied,  including  general  accelerator  parameters, 
beam  stability  issues,  magnet  field  quality  and  the  R&D 
needed  to  relax  the  accelerator  component  tolerances. 
This  paper  summarizes  the  accelerator  physics  R&D  the 
VLHC  Accelerator  Physics  Working  Group  members  are 
undertaking. 

1  INTRODUCTION 

Hadron  Colliders  are  the  “Discovery  Machines”  for 
high-energy  physics.  The  high-energy  physics  (HEP)  and 
accelerator  physics  communities  are  working  together  to 
extend  the  energy  frontier  beyond  LHC.  A  very  large 
hadron  collider  is  a  machine  we  know  can  be  built  today. 
The  main  issue  is  cost.  Considerable  R&D  are  needed  in 
Accelerator  Technology  and  in  improving  our 
understanding  of  Accelerator  Physics  to  reduce  the  overall 
cost  of  the  accelerator  construction  and  operation. 

The  VLHC  magnet  R&D  groups  are  investigating  two 
different  magnet  technologies:  high  field  (10-12  Tesla)  [1- 
5]  and  low  field  (2  Tesla)  [6].  The  magnetic  field  quality 
at  injection,  eddy  and  persistent  currents  and  hysteric 
effects  limit  the  ratio  of  energy  at  collision  increase  to 
injection  for  a  synchrotron.  We  have  assumed  this  factor 
to  be  20  for  accelerator  design. 

The  U.S.  site  for  the  VLHC  is  assumed  to  be  Fermilab. 
We  are  planning  to  use  the  Fermilab  injection  chain  of  the 
Linac  (400  MeV),  Booster  (8.9  GeV)  and  the  newly 
commissioned  Main  Injector  (150  GeV).  These  three  are 
rapid  cycling  accelerators.  The  Main  Injector  can  cycle  to 
150  GeV  in  about  2.4  sec.  The  Main  Injector  will  be  used 
as  an  injector  in  the  VLHC.  The  VLHC  will  have  two 
new  accelerators,  a  3  TeV  High  Energy  Booster  (HEB) 
and  a  50  TeV,  pp  collider.  Counter  rotating  protons  will 


be  injected  into  the  HEB  by  extracting  protons  from  the 
Main  Injector  at  MI40  and  MI61. 

There  are  several  ways  to  categorize  the  accelerator 
physics  issues  for  the  VLHC.  In  this  paper  we  choose  to 
categorize  them  as  single  particle,  multi-particle  and 
energy  deposition  issues.  Considerable  experience  has 
been  gained  in  the  past  two  decades  of  hadron  collider 
operations  and  recent  design  efforts  of  the  SSC  and  LHC. 
At  present  the  VLHC  efforts  are  predominantly  on 
magnet  technology  and  the  R&D  effort  is  a  collaboration 
of  national  laboratories  and  industries.  The  accelerator 
physics  R&D  efforts  are  to  support  these  technologies 
R&D  effort  for  a  final  usable  product. 

2  SINGLE  PARTICLE  ISSUES 

The  single  particle  issues  are  concentrated  on  the  basic 
accelerator  design,  i.e.  lattice  design,  magnet  quality, 
aperture  requirements,  correction  system  and  schemes. 
The  issues  range  from  the  basic  cell  length  to  the  effect 
and  benefit  of  synchrotron  radiation. 

The  most  fundamental  question  that  needs  to  be 
addressed  is  the  magnet  field  quality  and  aperture  of  the 
magnet  at  injection.  For  all  magnet  designs  both  the  cost 
and  the  field  quality  are  reduced  as  aperture  decreases. 
With  magnet  cost  expected  to  be  an  even  more  dominant 
component  of  VLHC  costs  than  in  any  previous  machines, 
accelerator  physics  will  play  a  crucial  role  in  the 
economic  feasibility  of  the  machine. 

The  mechanical  construction  of  the  high  field  magnet 
determines  the  field  quality  at  full  excitation.  The  field 
quality  of  Nb-Ti  magnets  has  improved  significantly  in 
the  last  few  years  due  to  improvements  in  manufacturing, 
changes  in  design  and  reduction  in  measurement  errors. 
The  magnet  production  techniques  have  improved  so  that 
the  random  errors  can  be  controlled  to  the  point  where 
systematic  effects  dominate.  However  at  injection  energy 
the  field  defects  of  high  field  magnets  will  be  dominated 
by  persistent  current  magnetization  defects  which  depend 
on  both  excitation  history  and  time. 

For  the  low  field  option  the  field  quality  challenges 
occur  at  top  energy  as  the  iron  enters  saturation.  At  the  1- 
kG  injection  field  the  iron  is  above  the  point  where 
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remnant  fields  dominate.  The  field  quality  of  the  low  field 
option  needs  detailed  studies.  At  present  we  have  no  data 
on  the  field  quality  of  the  low  field  magnet.  Dynamic 
aperture  calculations  will  be  performed  when  field 
measurement  data  become  available. 

The  cell  length  of  the  lattice  has  two  competing  effects. 
If  random  errors  dominate,  shorter  cell  lengths  would  be 
preferred  while  the  opposite  is  true  if  systematic  errors 
were  dominant  [7],  The  cell  length  also  has  implications 
on  the  acceptable  size  of  the  magnetic  higher  order 
systematic  multipoles.  A  calculation  performed  [8]  with  a 
study  lattice  (Figure  1)  show  that  smaller  cell  length  is 
preferred  to  relax  the  systematic  multipole  requirements. 
We  need  to  perform  calculations  to  find  an  optimal 
balance  between  the  cell  length,  allowed  systematic  and 
random  multipoles  for  a  realistic  aperture  R&D  magnet. 

The  high  field  option  design  has  an  advantage  at 
collision  energy  due  to  synchrotron  radiation  damping. 
The  damping  time  is  smaller  than  the  storage  time.  Figure 
2.  shows  that  the  emittance  of  the  bunch  decreases  as  a 
function  of  store  time  due  to  synchrotron  radiation  [9], 
The  luminosity  of  the  collider  is  enhanced  for  relatively 
modest  bunch  intensity.  This  effect  only  helps  the  magnet 
design  and  quality  at  high  energy.  The  aperture  and 
magnetic  field  errors  at  injection  energy  for  both  the  high 
field  and  low  field  option  need  to  be  investigated  by 
simulations.  The  beneficial  effects  of  damping  due  to 
synchrotron  radiation  in  the  high  field  option  should  not 
be  relied  on  to  relax  the  requirements  on  the  error  fields  at 
injection. 


Figure  1.  Maximum  allowable  systematic  harmonics  vs. 
half  cell  length,  when  AQX  =  0.1,  <j>c  =  90  degrees,  ex  =  1 
pm,  at  an  energy  of  1  TeV,  with  a  reference  radius  of  16 
mm 

An  error  budget  for  the  dipole,  quadrupole,  sextupole, 
octupole  and  misalignments  of  the  magnetic  elements 
needs  to  be  developed.  The  distribution  of  the  dipole 
correctors  has  implication  on  the  allowed  size  of  the 
closed  orbit  error  and  hence  on  the  beam  pipe  aperture.  It 
is  an  important  issue  to  determine  how  the  minimal 
distance  between  dipole  correctors  scales  with  the 
parameters  of  the  ring  such  as  the  energy,  circumference, 
cell  length,  phase  advance  and  aperture  size.  Based  on  the 
LHC  simulation  experience  the  higher  order  nonlinear 
correctors  can  be  placed  at  well-chosen  locations  in  the 
arcs.  Simulations  performed  show  that  for  this  method  to 


be  effective,  an  experimental  measurement  of  the  one  turn 
map  is  required. 


Figure  2.  Beam  parameters  during  a  store  for  high-field 
VLHC. 

The  effects  of  ground  motion  on  lattice  design  and 
machine  performance  need  to  be  studied.  Ground  motion 
studies  are  being  carried  out  at  different  laboratories  and 
in  the  strata  under  Fermilab  [10], 

3  MULTI  PARTICLE  ISSUES 

The  effects  of  multi-particle  dynamics  will  be  an  area  of 
considerable  R&D  for  both  magnet  technologies.  Because 
of  the  large  circumference  of  these  machines,  transverse 
instabilities  tend  to  dominate.  Since  the  Snowmass  96 
workshop  this  has  been  a  topic  of  interest  because 
considerable  attention  needs  to  be  paid  to  reduce  or 
eliminate  the  effects  of  these  instabilities  in  an  accelerator 
design.  None  of  these  instabilities  are  considered  as  a 
“show-stoppers”,  but  the  low  field  magnet  design  has 
lower  thresholds.  There  appears  to  be  enough  current  state 
of  the  art  technique  to  damp  or  eliminate  all  of  these 
instabilities.  Detailed  description  of  R&D  to  study  these 
instabilities  and  proposed  ideas  to  reduce  their  effect  can 
be  found  in  ref  [11]. 

The  Transverse  mode  coupling  instability  (TMCI)  also 
known  as  “strong  head-tail”  are  due  to  the  shift  of  the 
coherent  bunch  motion  m  =  0  and  head-tail  motion  m  =  1 
by  the  broadband  transverse  impedance.  This  instability 
has  been  observed  at  many  electron  storage  rings  (which 
normally  operates  with  bunch  length  in  mm  range)  but  has 
not  been  observed  in  proton  colliders  (with  bunch  length 
in  tens  of  cm).  The  calculated  safety  factor  (SF)  for  TMCI 
is  1.1  and  28  for  the  low  field  (LF)  and  high  field  options 
respectively  [11],  This  is  an  improvement  over  the 
previously  calculated  value  by  a  factor  of  two  [12],  This  is 
due  to  several  parameter  optimized  for  the  low  field 
design.  There  are  several  innovative  ideas  to  increase  the 
threshold  of  TMCI  beside  the  obvious  but  costly  ones  like 
decreasing  the  circumference,  increasing  the  beam  pipe 
aperture  or  increasing  the  injection  energy.  One  scheme 
of  filling  the  Low  Field  (LF)  machine  from  the  Main 
Injector  is  to  fill  every  9th  bucket.  At  injection  one  can 
reduce  the  intensity  per  bunch  by  nine  times  and  fill  every 
bucket.  This  could  help  increase  the  SF  to  about  9.  Then 
one  will  have  to  coalesce  bunches  at  high  energy  before 
collision.  The  TMCI  SF  also  can  be  increased  by  about 
factor  of  4  by  using  RF  quadruples,  which  introduces 
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correlated  tune,  spread  from  the  head  to  the  tail  of  the 
bunch.  Using  an  AC  sextupole  scheme  to  increase  the 
lattice  chromaticity  can  increase  the  SF  by  about  10.  The 
effect  of  RF  quadrupoles  and  AC  sextupoles  on  the 
dynamic  aperture  needs  to  be  studied,  because  they  could 
potentially  excite  resonance.  A  relatively  small  amount  of 
gain  in  threshold  is  possible  by  coating  the  beam  tube  and 
by  using  an  asymmetric  beam  tube.  The  TMCI  threshold 
can  be  further  increased  by  a  factor  of  5  or  more  by 
implementing  a  feed  back  system.  It  seems  likely  that 
TMCI  will  impose  luminosity  ceiling  above  1035  even  for 
the  low  field  machine. 

The  coupled-bunch  instability  at  injection  has  a  growth 
time  of  1.5  turns  and  180  turns  for  the  LF  and  HF  designs 
respectively.  Since  the  growth  time  of  this  instability  is  on 
the  order  of  a  single  turn  a  distributed  damping  system 
has  been  proposed  [11]. 

Other  instabilities,  which  are  being  studied,  are  1) 
electron  cloud  instability  at  50  TeV,  2)  coherent 
synchrotron  tune  shift  at  50  TeV  and  3)  longitudinal 
microwave  instabilities  at  50  TeV.  These  instability 
studies  need  to  develop  along  with  the  design  of  the 
machine  lattice  and  need  to  be  folded  together  in  an 
overall  design  of  the  VLHC. 

We  need  to  understand  these  instabilities  by  careful 
experiments.  Possible  experiments  are  being  examined 
for  the  Tevatron  to  excite  TMCI  in  a  proton  machine  and 
at  VEPP-4M  to  study  the  effect  of  RF  quadrupoles  on 
TMCI. 

4  ENERGY  DEPOSITION  ISSUES 

In  the  design  of  any  accelerator  the  operational  and 
environmental  radiation  limits  must  be  considered  to 
determine  the  required  accelerator  tunnel  depth,  tunnel 
wall  thickness  and  other  protective  measures  like  beam 
collimation,  beam  abort  and  beam  dump  design.  The 
R&D  and  design  efforts  are  progressing  on  radiation 
protection  systems  for  two  types  of  beam  loss  in  the 
collider,  operational  and  accidental  [13],  In  all  colliders 
beam-gas  interaction,  intra-beam  scattering,  interactions 
at  the  IP,  noise  and  other  imperfections  produce  a  beam 
halo.  This  beam  halo  interacts  with  the  limiting  aperture 
and  produces  radiation  for  the  accelerator  and  background 
for  detector  elements.  A  collimation  system  is  required  to 
reduce  the  effect  of  operational  beam  loss.  R&D  on  the 
collimation  system  design  needs  to  progress  in  parallel 
with  the  lattice  design.  The  stored  beam  energy  in  the 
accelerator  is  very  large  and  beam  size  is  very  small  at 
these  energies.  An  accidental  loss  of  a  small  fraction  of 
beam  during  a  short  time  will  melt  a  hole  through  the 
magnet  and  can  cause  damage  to  the  accelerator 
components.  The  beam  abort  system  and  beam  dump 
needs  to  be  developed  and  integrated  into  the  machine 
lattice. 


calculations  and  design  simulations  are  already  underway. 
This  paper  summarizes  some  of  the  issues  we  have  start 
working  on.  This  list  is  by  no  means  complete.  We  are 
working  together  with  the  Magnet  Technology  and 
Accelerator  Technology  working  groups  towards  the  goal 
of  a  less  expensive  and  cost-efficient  hadron  collider. 

Almost  all  single  particle  issues  and  energy  deposition 
issues  are  important  to  both  the  low  and  high  field  magnet 
designs.  Since  the  magnet  technologies  are  still  being 
developed  it  might  be  premature  to  find  an  optimal 
solution  for  the  VLHC  design.  But  on  the  other  hand  we 
need  to  develop  our  understanding  of  hadron  collider 
accelerator  physics  by  modeling.  We  need  to  propose 
carefully  planed  experiments  at  existing  hardon  colliders 
to  validate  these  theories. 

The  authors  will  like  to  thank  everyone  who  contributed 
to  the  VLHC  Accelerator  Physics  Workshop,  which  was 
held  at  Lake  Geneva,  WI,  Feb  22-25,  1999,  under  the 
VLHC  Steering  Committee  (http://vlhc.org). 
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5  SUMMARY 

The  VLHC  accelerator  physics  R&D  program  is  being 
developed  in  collaboration  with  four  laboratories,  FNAL, 
LBNL,  BNL  and  several  universities  in  the  U.S.  Several 
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DESIGN  PARAMETERS  FOR  THE  VERY  LARGE  HADRON  COLLIDER 

C.  S.  Mishra+  and  P.J.  Limon,  Fermilab*,  Batavia,  IL  60510 


Abstract 

The  goal  of  the  Very  Large  Hadron  Collider  (VLHC)  is  to 
extend  the  energy  frontier  beyond  LHC.  The  proposed 
design  center-of-mass  energy  for  the  VLHC  pp  collider  is 
100  TeV,  with  a  luminosity  of  le34  cm'2  sec'1.  At  present 
accelerator  designs  and  calculations  are  being  carried  out 
for  two  different  magnet  technologies,  one  using 
superferric  magnets  at  2  Tesla  (T),  the  other  using  high- 
field  design  with  B  >  10  T.  This  paper  will  summarize  the 
accelerator  parameters  for  these  two  designs.  We  discuss 
the  design  parameters  that  have  the  largest  effects  on  the 
performance  of  the  accelerator  and  therefore  need  careful 
optimization. 

1.  INTRODUCTION 

Hardon  Colliders  are  the  “discovery  machines”  for  high- 
energy  physics  (HEP).  The  HEP  and  accelerator  physics 
communities  are  working  together  to  extend  the  energy 
frontier  beyond  LHC,  and  to  understand  the  physics 
opportunities  and  the  technical  issues  presented  by  the 
colliders. 

A  VLHC  Steering  Committee  [  1  ]  was  formed  in  response 
to  the  HEPAP  subpanel  Report  [2]  recommendation.  The 
Steering  Committee  has  representations  from  Fermilab, 
BNL,  LBNL  and  Cornell  University’s  Laboratory  of 
Nuclear  Studies  and  coordinates  R&D  efforts  in  the 
United  States. 

The  main  technical  issue  is  cost  reduction.  Considerable 
R&D  is  needed  in  accelerator  technology, 
superconducting  magnets,  accelerator  physics,  and  to 
reduce  the  overall  cost  of  the  accelerator  construction  and 
operation. 

Initially,  the  U.S.  site  for  the  VLHC  is  assumed  to  be 
Fermilab.  Hence,  the  injection  chain  comprise  a  400  MeV 
Linac,  an  8.9  GeV  Booster,  and  the  newly  commissioned 
150  GeV  Main  Injector.  The  VLHC  will  have  two  new 
accelerators,  a  High  Energy  Booster  (HEP)  of  3  to  5  TeV 
and  a  50  TeV  per  beam,  pp  collider. 
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Since  the  Indiana  workshop  in  1994  [3],  work  has  been 
proceeding  on  the  design  parameters  for  the  VLHC. 
During  the  Snowmass  96  meeting,  the  first  set  of 
comprehensive  and  self-consistent  parameters  was 
published  [4].  Since  that  time  we  have  modified  several 
aspects  of  accelerator,  resulting  in  a  new  set  of  parameters 
presented  here. 


2.  ACCELERATOR  ENERGY 

The  injection  energy  into  the  HEB  is  fixed  near  150  GeV, 
because  we  want  to  use  the  Main  Injector  as  an  injector. 
Several  discussions  have  taken  place  to  use  the  Tevatron 
and  inject  at  1  TeV.  However,  the  Tevatron  requires  30 
MW  for  its  cryogenic  plant.  This  high  load  for  an  injector 
that  will  be  used  for  only  a  few  moments  each  day  seem 
excessive.  Over  the  long  run,  the  operating  cost  of  the 
Tevatron  is  too  high. 

The  VLHC  magnet  R&D  groups  are  investigating  two 
different  magnet  technologies:  high  field  (HF)  (10-14 
Tesla)  [5-9]  and  low  field  (LF)  (2  Tesla)  [10].  The 
magnetic  field  quality  at  injection,  eddy  currents, 
persistent  current  and  hysteric  effects  limit  the  ratio  of 
energy  at  collision  to  injection  for  a  synchrotron  (SF).  The 
Main  Injector  has  a  scale  factor  of  16.8,  Tevatron  6, 
HERA  23,  and  LHC  is  designed  to  achieve  15.5.  We  have 
assumed  this  scale  factor  to  be  20  for  our  primary 
accelerator  design.  This  assumption  needs  study  from  the 
magnet,  beam  dynamics,  and  cost  optimization  points  of 
view.  For  an  HEB  that  is  entirely  on  the  Fermilab  site, 
high-field  magnets  operating  at  4K  could  result  in  energy 
as  high  as  3-5  TeV.  Operating  injector  at  1.8k  is  judged 
unreasonable  due  to  cyclic  energy  loss.  Obviously,  a 
slightly  larger  machine  could  result  in  a  lower  vlhc  SF  at 
an  expense  of  higher  HEB  SF.  This  problem  could  be 
eased  by  rebuilding  a  conventional  accelerator,  an  MEB, 
in  the  existing  Main  Ring  tunnel  to  increase  the  beam 
energy  from  150  GeV  to  300  GeV.  Such  a  machine  could 
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be  quite  inexpensive.  For  the  low-field  magnet,  the  HEB 
is  limited  by  circumference  of  tunnel  one  is  willing  to 
build.  A  3  TeV  low  field  HEB  requires  about  35  km. 

3.  LUMINOSITY 

The  Fermilab  accelerators  have  a  minimum  bunch  spacing 
is  18.9  ns.  The  expense  of  reducing  the  spacing  and  the 
detector  triggering  requirements  encourages  us  to  leave 
this  the  same.  The  design  goal  for  the  VLHC  luminosity  is 
lxlO^cm'2  sec'1.  This  has  been  chosen  due  to  of  detector 
limitation,  but  could  easily  be  a  factor  of  10  higher.  At 
le34  luminosity  a  detector  in  VLHC  will  have  less  than 
30  interactions  per  crossing.  Table  1  gives  the  luminosity 
goals  for  the  two  VLHC  options.  It  is  important  to  note 
that  the  luminosity  is  not  limited  by  proton  economics, 
also  there  are  several  parameters  that  can  be  adjusted  to 
achieve  the  same  luminosity,  for  example  smaller 
emittance  and  smaller  bunch  current.  Smaller  emittance  in 
the  HF  option  is  due  to  the  emittance  damping  caused  by 
synchrotron  radiation  at  colliding  energy. 


50  TeV 

50  TeV 

Collider 

Collider 

p  p  option 

p  p  option 

(Low  Field) 

(High  Field) 

Proton  Per  Bunch 

1.7E+10 

1.2E+10 

Number  of  Bunches 

100000 

16000 

Revolution  Frequency 
(kHz) 

0.5 

3.2 

Beta  Star  at  IP(m) 

0.1 

0.1 

Proton  Emittance(95%) 

15 

8* 

Form  Factor 

0.48 

0.48 

Typical  Luminosity 
(cm'2sec'') 

1.1E+34 

1.1E+34 

Integrated  Luminosity 
(fb‘  /year) 

112 

112 

Interactions  Per  Crossing 

28 

28 

Bunch  Spacing  (ns) 

19 

19 

Inelastic  Cross  Section 

127 

127 

(mb) 

Table  1.  The  Luminosity  goals  of  the  VLHC  at  100  TeV 
center  of  mass.  *HF  option  includes  the  effect  of 
synchrotron  radiation  damping. 

4.  MACHINE  CIRCUMFERENCE  &  BEAM 
PIPE  RADIUS 

The  circumference  of  the  low  field  (2  Tesla)  machine  is 
520  km,  whereas  for  high  field  (12  Tesla)  machine  it  is  95 
km.  The  radius  of  the  beam  pipe  for  these  machines  is 
important  because  of  beam  instabilities.  Smaller  radius  is 
desirable  for  cost  reduction;  magnet  field  errors,  beam 
dynamics  requirements,  and  alignment  errors  might  lead 


to  a  larger  radius.  The  proposed  beam-pipe  radius  for  the 
LF  magnet  is  9  mm.  The  beam-pipe  radius  for  HF  magnet 
designs  varies  from  1 2  to  20  mm.  The  beam  pipe  aperture 
is  reduced  from  the  physical  magnet  aperture  by  the 
thickness  of  the  synchrotron  radiation  beam  screen  for  the 
HF  design. 

The  instability  threshold  for  the  transverse  mode  coupling 
instabilities  (TMCI)  is  an  issue  for  the  LF  design.  This 
instability  threshold  is  proportional  to  the  cube  of  the 
beam  pipe  radius.  It  is  expensive  to  increase  the  beam 
pipe  radius  and  we  are  investigating  several  solutions  to 
this  instability. 

The  effect  of  ground  motion,  alignment,  alignment  drifts 
and  vibration  needs  to  be  understood.  Because  of  the  large 
size  of  the  ring  in  either  design  this  could  have 
implications  on  the  correction  system,  when  beam-pipe 
radius  is  small. 

5.  LATTICE  PARAMETERS 

Table  2  summarizes  the  lattice  parameters  for  the  two 
designs.  The  LF  option  uses  combined  function  magnets. 
These  magnets  will  have  quadrupole  and  sextupole 
components.  The  phase  advance  per  cell  is  chosen  to  be 
60  degree.  This  reduces  the  requirement  of  large 
quadrupole  strength  and  higher  order  correction  schemes 
are  easier  to  implement.  These  parameters  are  totally  free 
and  can  be  optimized,  as  the  magnet  data  becomes 
available. 


Parameters 

Units 

Low-Field 

High-Field 

Vi  Cell 
Length 

M 

122 

260 

Phase 
Advance 
per  cell 

Degree 

60 

60 

Average 

Beta 

M 

130 

600 

Max 

Dispersion 

M 

5 

23 

Table  2.  VLHC  lattice  parameters. 

6.  RF  PARAMETERS 

The  frequency  of  the  HEB  and  Collider  must  be  a 
multiple  of  53  MHz,  which  will  make  synchronization 
and  injection  easier.  The  VLHC  will  most  likely  use 
superconducting  RF  for  acceleration  although  there  is  no 
serious  problem  using  the  normal  conducting  RF.  Some  of 
the  RF  parameters  of  general  interest  for  superconducting 
RF  system  being  discussed  for  the  VLHC  are  summarized 
in  Table  3  [11].  A  total  voltage  of  200  MV  for  the  Low 
field  option  and  40  MV  for  the  high  field  option  have 
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been  chosen  to  keep  the  acceleration  time  to  less  than  15 
minutes. 


Parameters 

Units 

Value 

fkF 

MHz 

478 

Operating  temp 

K 

4.2 

-^acc 

MV/m 

6 

Volts/Cavity 

MV 

7.5 

Length  of  Bucket 

Cm 

21 

No  of  cavities  for 
200  MV  LF 
injection 

27 

No.  of  cavity  for 
40  MV  HF 
injection 

5 

Table  3.  VLHC  Superconducting  RF  parameters. 

Finally  the  longitudinal  parameters  of  the  VLHC  are 
summarized  in  Table  4.  Most  of  these  parameters  can  be 
optimized  as  design  progress.  The  longitudinal  emittance 
and  bunch  length  effects  the  stabilities  of  the  machine. 


Parameter 

Units 

LF 

HF 

Long.  Emitt 

eV.sec 

2 

0.3 

Long  Damping 
time 

Hrs 

40 

1.3 

RF  freq 

MHz 

478 

478 

RF  harmonic 
number 

8.28x10s 

1.2x10* 

Bucket  Area 

eV-sec 

18 

4 

Synch  tune 
(coll/in  j) 

0.2/5 

1/14 

Bunch  Length 
(coll/inj) 

Cm 

7.6(5.5) 

5.6(7. 2) 

Table  4.  Longitudinal  parameters  for  the  VLHC. 


7.  SUMMARY 

This  paper  gives  a  snapshot  of  some  of  the  parameters 
being  used  in  the  accelerator  design  of  the  low  field  and 
high  field  VLHC.  Collaborative  efforts  between  magnet 
builders,  accelerator  technology  developers  and 
accelerator  physicists  throughout  the  process  of 
accelerator  design  will  be  used  to  refine  these  parameters. 
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SIMULATION  OF  THE  RECYCLER  RING  DYNAMIC  APERTURE 

C.  S.  Mishra*  and  D.  Johnson 
Fermi  National  Accelerator  Laboratory 
Batavia,  EL  60510 


Abstract 

The  Fermilab  Recycler  Ring  is  being  built  at  Fermilab  to 
support  the  Run-II  and  beyond  physics  goals  of  Fermilab. 
The  role  of  the  Recycler  Ring  is  to  provide  more 
antiprotons  for  the  Tevatron,  which  proportionally 
increases  the  luminosity.  This  paper  will  describe  the 
Recycler  Ring  Lattice  design  and  simulations  of  the 
dynamic  aperture  using  data  from  the  some  of  the 
magnets  installed  in  the  ring. 

1.  INTRODUCTION 

The  Main  Injector,  a  rapid  cycle  150  GeV  proton 
synchrotron,  will  supply  a  larger  flux  of  protons  for 
antiproton  production;  more  intense  proton  bunches  for 
use  in  the  collider,  and  higher  efficiency  acceleration  for 
both  proton  and  antiprotons.  The  role  of  the  Recycler 
Ring  [1]  is  to  provide  more  antiprotons  for  the  Tevatron, 
which  proportionally  increases  the  luminosity.  Recycler 
accomplishes  this  by  acting  as  a  high  reliability  post- 
Accumulator  and  receptacle  for  recycled  antiprotons  from 
previous  Collider  stores.  Prior  to  the  development  of  the 
Recycler  ring,  the  peak  luminosity  goal  of  the  Fermi  III 
upgrade  program  was  Sxltf'cm  2sec ’.  With  the 
construction  of  the  Recycler  ring,  a  typical  peak 
luminosity  of  2xl032cm'2sec_1  is  expected  The  Recycler  is 
also  the  foundation  of  future  accelerator  upgrades  that  can 
increase  the  Tevatron  Luminosity  up  to  lxlO33  cm'2sec  ’. 

The  Recycler  is  a  fixed  8  GeV  kinetic  energy  storage  ring 
made  up  of  permanent  magnets.  This  Recycler  ring  lattice 
mimics  closely  the  Main  Injector  lattice.  The  ring  was 
designed  using  MAD  [2]  such  that  it  replicated  the  Main 
Injector  cell  length  and  hence  followed  the  footprint  of  the 
Main  Injector.  This  paper  describes  the  lattice  design  of 
the  Recycler  ring.  Simulation  results  of  the  Recycler 
performance  using  data  from  initial  gradient  magnets  are 
presented  in  this  paper.  The  Recycler  Lattice  includes  the 
magnetic  field  errors,  both  systematic  and  random,  and 
misalignment  errors.  Studies  of  dynamic  aperture  and 
momentum  aperture  are  presented  in  this  paper.  Results 


shows  that  the  simulated  dynamic  aperture  using  realistic 
magnet  and  alignment  information  meets  the  design 
specification  of  4 On  mm-mr.  The  production  magnets  are 
of  better  quality  as  compared  to  the  design  specification 
[3].  A  thin  element  tracking  program  TEAPOT  [4]  has 
been  used  for  these  simulations. 

2.  LATTICE  DESIGN 

The  lattice  is  a  strong  focusing  FODO  lattice  made  up  of 
either  two  gradient  magnets  or  two  quadrupoles.  The 
Recycler  ring  is  composed  of  fifty-four  arc  FODO  cells 
(17.288  meter  cell  length)  with  eight  zero  dispersion 
straight  sections  distributed  around  the  ring  following  the 
symmetry  of  the  new  Main  Injector.  The  lattice  has  been 
design  to  have  a  base  tune  of  Qx  =  24.425  and  Qy  = 
24.415  with  a  maximum  horizontal  dispersion  of  2  m  and 
a  corrected  chromaticity  of  -2  units  in  each  plane.  The 
phase  advance  per  cell  is  (j)x  =  85.4  deg  and  <j>y=  79.2  deg. 
The  phase  advance  across  high  beta  insert  at  MI-30  makes 
the  integer  part  of  the  x  and  y  tunes  same. 

The  Recycler  lattice  is  virtually  indistinguishable  from  the 
Main  Injector  lattice  with  two  exceptions.  The  one 
exception  is  at  MI-60,  the  phase  trombone  sections  and 
the  other  is  at  MI-30,  the  high  beta  insert  for  electron 
cooling.  The  phase  trombone  at  MI-60  is  used  to  adjust 
the  tune  variation  caused  by  magnet  imperfections. 

The  Ring  is  composed  of  two  types  of  permanent  magnet 
combined  function  magnets  (CFM),  216  long  “arc” 
magnets  which  have  dipole,  quadrupole  and  sextupole 
components,  and  128  short  “dispersion  suppressor” 
magnets  which  only  have  dipole  and  quadrupole 
components,  and  74  permanent  magnet  quadrupoles.  The 
Recycler  ring  is  designed  to  match  the  momentum  of  the 
new  permanent  magnet  8  GeV  injection  line. 

In  an  earlier  paper  [3]  we  had  outlined  the  magnetic  field 
specifications  for  the  Recycler  Magnet.  To  date  all  the 
magnets  have  been  build  and  installed  in  the  ring.  The 
simulations  presented  in  this  paper  were  performed  at  the 
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time  when  first  24  CFM’s  were  build  and  its  higher 
multipoles  trimmed  to  the  specification.  Table  1.  Shows 
the  multipoles  used  in  the  simulations.  All  of  these 
multipoles  are  better  than  specification.  Final  magnet  data 
not  used  in  this  simulation  is  slightly  better  than  these 
values.  We  have  used  a  mean  of  0.1  units  and  sigma  of 
0.25  units  for  pole  6  to  9.  The  quadrupole  multipole  data 


Normal 

Normal 

Skew 

Skew 

Pole 

Mean 

Sigma 

Mean 

Sigma 

0 

0.56 

3.78 

- 

_ 

1 

0.20 

0.65 

0.06 

1.56 

2 

-0.27 

0.31 

-0.15 

0.42 

3 

0.0 

0.28 

0.06 

0.37 

4 

-0.07 

0.19 

0.13 

0.25 

5 

-0.01 

0.22 

0.01 

0.17 

tracked  with  a  constant  momentum  offset.  Unless 
otherwise  specified  the  momentum  offset  for  these 
simulations  are  0.3%.  Net  chromaticities  in  both  planes 
are  set  to  -2.  Simulations  are  performed  for  five  seed 
firle5  to  le6  turns  corresponding  to  a  maximum  of  10-sec 
store  time. 


Z  (Inch) 


Table  1.  Combined  Function  Magnet  data  used  in  the 
Simulation. 

was  not  available  at  the  time  of  these  simulations.  We 
continued  to  use  the  multipoles  of  0.5  units  mean  and  1 .5 
Units  sigma.  The  calculations  also  includes  a 
misalignment  errors  <jx  =  ay  =  0.25  m  and  arou  =  0.5  mrad 
for  all  magnetic  elements  and  BPMs. 

3  DYNAMIC  APERTURE 

In  this  paper  we  describe  the  variation  of  magnet 
properties  from  ideal  and  their  effect  on  dynamic  aperture 
of  the  Recycler.  Finally  a  simulation  where  all  the  effects 
are  considered  together  is  discussed.  The  measured 
longitudinal  profile  of  the  magnetic  fields  bO,  bl  and  b2 
was  found  to  have  a  shape  different  than  parabolic,  as 
assumed  in  earlier  calculations.  In  these  calculations  we 
use  an  average  of  20  CFMs  longitudinal  profile  data  to 
simulate  the  longitudinal  bO,  bl  and  b2  variations. 
Dividing  the  CFM  into  16  magnets  simulates  magnet 
profile.  Each  individual  piece  has  its  own  deviations  from 
the  nominal.  Figure  1.,  shows  the  longitudinal  profiles 
used  in  simulations  at  various  times.  The  three-bump 
profile  (2)  is  from  the  magnet  data.  We  have  found  that 
the  longitudinal  profile  variations  do  not  have  much  effect 
on  the  dynamic  aperture. 

Launching  an  array  of  particles  at  different  amplitudes 
tests  performance  in  the  presence  of  a  mixture  of 
alignment  and  magnetic  field  error.  Particles  are  tracked 
with  betatron  oscillation  amplitudes  relative  to  a  corrected 
orbit.  Following  the  introduction  of  errors  the  tune  is 
adjusted  to  the  nominal  tune  for  zero  momentum  offset 
using  the  phase  trombone.  The  particles  are  launched  with 
equal  horizontal  and  vertical  emittance.  Particles  are 


Figure  1 .  Longitudinal  profiles  of  the  CFMs. 

As  described  earlier  the  “acr”  CFM  has  sextupole 
component  build  into  its  body  field.  The  Recycler  Lattice 
has  two  families  of  distributed  sextupoles  correctors  with 
enough  strength  to  adjust  the  chromaticity  by  10  units. 
There  are  8  and  16  sextupoles  in  the  H  and  V  planes 
respectively,  distributed  around  the  ring.  These  correctors 
will  compensate  any  change  in  chromaticity  values  due  to 
any  systematic  sextupole  offset  from  the  design.  During 
the  construction  of  the  arc  CFM  it  was  found  that  the 
body  sextupole  and  other  multipoles  were  different  than 
the  design  specifications.  The  CFM  body  multipole 
components  were  trimmed  by  placing  a  specially  designed 
multipole  trim  for  that  particular  magnet  at  one  end  of  the 
CFM.  These  trims  also  contained  a  component  for 
systematic  sextupole  offset.  We  have  simulated  the  effect 
of  these  end  sextupole  trims  on  the  dynamic  aperture  of 
the  Recycler.  Any  change  in  chromaticity  due  to  this  one- 
ended  correction  was  adjusted  by  using  the  distributed 
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Figure  2.  Dynamic  Aperture  for  different  size  of  end  trims 
sextupole, 

correction  sextupoles.  Figure  2.  shows  that  for  a  1  second 
simulation  of  the  Recycler  the  dynamic  aperture  is 
independent  of  the  size  of  the  end  trim  sextupole. 

A  survival  plot  of  the  five  seeds  displaying  how  many 
turns  a  particle  survived  as  a  function  of  the  initial  launch 
amplitude  is  shown  in  Figure  3.  This  calculation  included 
the  longitudinal  profile,  the  feed-down  of  higher 
multipoles  due  to  curvature,  measured  magnetic 
multipoles,  end  shim  sextupoles  of  3  units.  The  dynamic 
aperture  of  the  machine  is  defined  as  the  smallest 
amplitude  particle  that  did  not  survive  the  full  le6  turns. 
From  figure  3  we  see  that  the  dynamic  aperture  of  the 
Recycler  is  predicted  to  be  24.2  +/-  1.5  mm  corresponding 
to  a  normalized  emittance  of  78.9  +/-  10  n  mm-mr. 


Figure  3:  Dynamic  Aperture  of  the  Recycler.  The  number 
of  turns  survived  is  shown  as  a  function  of  launch 
amplitude  for  five  different  collections  of  systematic  and 
random  alignment  and  magnetic  field  errors  and  a 
momentum  offset  of  0.3%. 


Figure  4:  Dynamic  Aperture  as  a  function  of  momentum 
offset  over  the  full  range  of  the  antiproton  stack. 

is  shown  in  Figure  4.  This  plot  indicates  an  aperture  in 
excess  of  60  7i  mm-mr  is  maintained  over  the  full 
momentum  spread  expected  in  the  antiproton  stack.  Loss 
in  aperture  for  negative  8p/p  indicates  that  the  particles 
are  moving  towards  a  resonance.  In  principle  this  can  be 
improved  by  small  adjustment  in  the  operating  tune. 

4  SUMMARY 

The  design  criteria  of  the  Recycler  was  that  the  dynamic 
aperture  calculated  based  on  10  seconds  simulation  of  the 
Recycler  should  be  as  large  as  the  physical  aperture.  Also 
there  should  be  no  trend  of  particle  loss.  All  the  Recycler 
magnets  have  build,  sorted  and  installed  in  the  ring.  The 
magnet  data  in  most  cases  are  better  than  specified.  The 
commissioning  of  the  Recycler  ring  is  going  to  start 
during  April  1999. 
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Abstract 

A  prompt  report  for  the  commissioning  ran  of  the  long- 
baseline  neutrino  oscillation  experiments  will  be 
presented.  Improvement  of  the  KEK-PS  main  ring  has 
been  performed  for  recent  years  in  order  to  prepare  the 
long-baseline  neutrino  oscillation  experiment.  Intensity 
upgrade  studies  and  the  hard  ware  improvements  result 
in  a  factor  of  50%  increase  in  the  beam  intensity  to  5-6 
x  1012  ppp  up  to  now.  It  depends  on  the  reduction  of  the 
micro-instability  at  the  crossing  of  the  transition  energy 
and  the  fine  tuning  of  the  closed  orbit  distortion  and  so 
on.  The  neutrino  oscillation  experiment  requests  the  fast 
extraction.  It  needs  to  construct  the  fast  kicker  magnet 
system,  consists  of  the  12.5  ohm  kicker  magnets  and 
Blumlein  power  supplies,  and  to  re-construct  the  septum 
magnets  and  some  other  equipment.  These  works  have 
been  under  going  during  a  long  shut  down,  which  was 
scheduled  for  the  preparation  and  construction  of  the 
neutrino  oscillation  experiments  facility  until  January, 
1999.  The  switching  of  the  fast  extraction  and  the  slow 
extraction  will  be  possible  without  the  evacuation  of  the 
equipment  in  order  to  serve  the  beam  for  the  multi-users 
as  effective  as  possible.  The  prompt  results  of  the 
commissioning  mn,  which  will  start  at  the  end  of 
January,  1999,  and  the  performance  of  the 
improvements  of  the  KEK-PS  main  ring  will  be 
presented. 

I  INTRODUCTION 

The  KEK-PS  complex  comprises  two  750  keV 
Cockcroft-Walton  pre -injectors,  40  MeV  injector  linac, 
500  MeV  booster  synchrotron  and  12  GeV  main  ring  as 
shown  in  Figure  1.  It  has  been  operated  successfully  to 
serve  a  proton  beam  for  more  than  past  two  decades  [1]. 
Beams  have  been  serving  by  the  half  integer  slow 
extraction  to  East  and  North  counter  halls.  Beam 
bunches  accelerated  in  the  booster  except  to  the  main 
ring  are  utilized  as  NML  (Neutron  and  Meson 
Laboratory).  To  meet  the  need  of  new  physics  research, 
there  are  several  objectives  for  the  PS  upgrade. 
Especially,  an  intensity  upgrade  is  coming  to  the  urgent 
problem  for  the  long-baseline  neutrino  oscillation 
experiment  [2].  This  means  the  fast  extracted  high- 
intensity  beam  creates  the  high  current  neutrino  beam, 
which  will  be  injected  to  Super-Kamiokande,  about  250 
km  west  of  KEK.  The  main  ring  upgrade  projects, 
intensity  upgrade  study,  construction  of  the  fast 


extraction  system  have  been  performed  [3,  4,  5,  6].  The 
neutrino  beam  line  and  the  production  target  were 
constructed  for  same  days  by  the  beam  channel  group  in 
the  Institute  of  Particle  and  Nuclear  Studies  [7], 


Figure  1  :  Layout  of  the  12-GeV  KEK-PS. 


2  INTENSITY  UPGRADE  STUDIES 


Every  effort  to  realize  the  upgrade  of  KEK-PS  have 
been  devoted.  Booster  synchrotron  accelerates  more 
than  2  x  1012  ppp  for  NML,  however,  the  main  ring 
cannot  accept  the  beam  of  this  intensity.  Machine 
studies  for  the  intensity  upgrade  have  continued  to 
make  clear  the  cause  and  cure  of  the  difficulty.  First  of 
all,  several  tools  for  the  machine  study  were  developed 
and/or  upgraded,  such  as  an  injection  error  monitor,  a 
fast  beam  loss-monitor,  a  tune  measurement  system 
with  an  RF  kicker,  a  fast  wire  scanner  and  NMR  field 
monitor  for  the  main  ring  bending  magnet. 

The  concentrated  studies  in  the  spring  of  1995  was 
focused  on  the  beam  injection  to  the  main  ring  [3],  It 
seemed  that  the  forth-order  resonance  was  one 
candidate  and  in  order  to  reduce  the  quadruple 
imperfection,  several  correction  quadruples  were 
necessary.  However  there  were  no  installation  space  in 
the  ring  to  install  them,  then  the  vertical  tune  was 
changed  from  7.22  to  5.22  to  cure  the  effect  of  the 
fourth-order  resonance.  In  order  to  increase  the  vertical 
aperture,  the  re-alignment  of  the  main  ring  magnet  in 
the  vertical  plane  was  done  during  summer  shut  down, 
1996.  The  injection  efficiency  has  increased  up  to  95- 
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97%.  During  the  magnet  realignment  was  done,  the  fast 
floor  movement,  which  seemed  to  depend  on  the 
weather  condition,  was  observed  .  In  order  to  confirm 
this  phenomena,  the  measurement  of  the  relative 
quadrupole  magnet  level  and  the  floor  tilt  in  the  ring 
were  going  on  [8].  Further,  Porous  Ceramics 
Osmometers  were  set  in  the  soil  bank  to  measure  the 
moisture  in  the  soil  under  collaboration  with  Radiation 
Science  Center  of  KEK  and  the  Geological  Survey  of 
Japan. 

The  loss  observed  around  80  ms  after  the  beginning 
of  acceleration  results  from  the  horizontal  head-tail 
instability.  The  instability  occurs  due  to  a  large 
change  in  the  chromaticity  produced  by  the  sextupole 
field  induced  in  the  beam-pipe  of  the  dipole  magnets  [4]. 
In  order  to  suppress  this  phenomena  octu-pole  magnets 
were  installed  in  the  main  ring  and  the  studies  to 
confirm  the  suppression  of  instability  and  to  measure  the 
dynamic  aperture  are  now  processing. 

Since  KEK-PS’s  impedance  budget  has  been  not 
concerned,  a  lot  of  high  impedance  materials  were 
periodically  located  along  the  ring.  The  one-third  of 
resonant  impedance  devices,  vacuum  ducts  between  the 
bending  magnet  and  the  quadrupole  magnet  and  the 
beam  position  monitor,  were  replaced  by  low 
impedance  ones  in  1996  [5]  to  care  the  beam  loss  at  the 
crossing  of  the  transition.  To  cross  the  transition  energy 
in  stable  condition,  y-jump  magnet  power  supplies  were 
upgraded  to  make  the  voltage  twice. 

The  issues  of  the  intensity  upgrade  are  as  follows, 

•  realignment  of  the  quadrupole  magnets  in  the  main 
ring, 

•  replacement  of  bend-quad  beam  pipe, 

•  upgrade  of  beam  position  monitors, 

•  installation  of  beam  instrumentation, 

•  upgrade  of  the  power  supply  for  the  y-jump  magnets, 

•  installation  of  octu-pole  magnets. 


3  FAST  EXTRACTION  SYSTEM 

ast  extraction  of  full  circulating  beam  is  requested  for 
the  neutrino  oscillation  experiment.  The  EP1  extraction 
system  was  modified  so  that  both  of  slow  and  fast 
extraction  are  possible.  According  to  the  careful  orbit 
analysis  for  the  feasibility  using  existing  slow  extraction 
devices,  such  as  bump  and  septum  magnets  system,  the 
changeable  system  of  the  extraction  kicker  and 
electro-static  septum  in  the  same  vacuum  chamber  was 
decided  and  the  former  design,  distributed  small  kickers 
around  in  the  ring  [6],  was  rejected. 

In  order  to  double  of  the  kicker  magnetic  field  and 
save  the  transmission  time,  the  Blumlein  system  was 
decided  to  construct  [9].  The  field  strength  is  requested 
higher  than  0.1  IT  and  this  should  be  realized  within  the 
space  of  3m  in  one  long  straight  section. 

The  issues  of  the  modification  are  as  follows, 

■  ESS-kicker  chamber  construction, 

•  kicker  magnets  construction, 

•  ESS  replacement, 

•  septum  A,  B  magnets  improvements, 

•  septum  C  magnet  power  supply  construction, 

•  septum  E  magnet  replacement, 

•  beam  ducts  replacement, 

•  control  system  upgrade. 

4  NEUTRINO  PRODUCTION  SYSTEM 

A  neutrino  beam  line  extended  from  EP1-A  primary 
beam  line  of  the  north  counter  hall  towards  the  direction 
of  the  Super-Kamiokande  as  shown  in  Figure  3.  This 
comprises  the  straight  section,  the  arc  section,  the 
target  station,  the  decay  volume  and  the  p-monitor  pit 
[7].  A  fast-extracted  proton  beam  will  be  transported 
about  400  m  and  focused  onto  a  production  target. 


Figure  2  :  Layout  of  the  EP1  extraction  system.  ESS  and  kicker  magnets  are  installed  in  the  same 
vacuum  chamber.  Fast  extracted  beam  bunches  are  measured  by  CT  at  the  exit  of  septum  magnet  E. 
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Two  magnetic  horns  in  the  target  station  will  focus 
produced  pions  to  the  forward  direction,  and  enhanced 
by  a  factor  of  14.  The  neutrino  flux  will  be  produced  by 
decay-in-flight  of  pions  in  the  200  m  decay  volume.  A 
primary  proton  beam  will  be  stopped  in  the  beam  dump. 
A  high-energy  part  of  muons  will  be  monitored  at  the 
p-monitor  pit.  A  positioning  of  the  Super-Kamiokande 
from  the  KEK  site  was  made  by  the  global  positioning 
system  (GPS).  It  is  found  that  the  EP  1-A  beam  line 
must  turn  88°44’25”  to  the  left  (west),  and  bent 
10°4’30”  downward  with  respect  to  the  horizontal 
plane  just  before  the  production  target  [10]. 


Figure  3  :  Layout  of  the  nuetrino  beam  line  and  the 
production  target  system. 


5  COMMISSIONING  RUN 


Figure  4  :  Beam  bunches  and  the  kicker  wave  form. 
Upper  sweep  :  Beam  current  circulating  in  the  ring.  One 
bunch  was  taken  out  for  the  kicker  rise. 

Middle  sweep  :  Wave  form  of  the  kicker  magnet. 

Lower  sweep  :  Extracted  beam  bunches  observed  by 
the  CT  at  the  exit  of  septum  magnet  E. 
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A  fast  extracted  beam  was  confirmed  on  the  production 
target  at  16:00  on  February  3.  Commissioning  run  was 
performed  as  follows. 

Main  ring  beam  tuning  started  on  January  27  by  the 
slow  extraction  mode  and  the  neutrino  beam  line  tuning 
started  on  January  31  using  slow-extracted  beam.  On 
the  morning  of  February  3,  the  extraction  system  was 
changed  from  the  slow  extraction  mode  to  the  fast 
extraction  mode  after  tuning  the  neutrino  beam  line 
except  the  hom  system.  System  change  was  done  in 
only  three  hours.  Main  ring  beam  tuning  started  again  at 
13:04.  The  kicker  magnets  were  excited  and  the  fast 
extracted  beam  was  observed  on  the  monitor  screen  at 
the  exit  of  the  septum  magnet  E.  After  short  beam-off 
for  the  check  of  some  instrumentation,  the  fast 
extraction  tuning  started  again  and  the  beam  was 
confirmed  on  the  production  target  at  16:00.  Figure  4 
shows  the  circulating  beam  bunches,  kicker  magnet 
wave  form  and  the  extracted  beam  bunches  observed 
by  the  current  transformer  situated  at  the  exit  of  the 
septum  magnet  E.  Fast  extraction  started  again  on 
March  3  after  the  completion  of  the  hom  system.  The 
first  neutrino  event  will  be  expected. 
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Abstract 

Two  new  high  field  2  T  permanent  magnet  multipole 
wigglers  have  been  installed  into  the  SRS.  This  paper 
describes  the  effect  of  the  new  insertion  devices  on  the 
SRS  lattice.  Closed  orbit  distortion,  betatron  tune  change 
and  emittance  blow  up  have  all  been  measured  and  the 
results  are  compared  with  lattice  model  predictions  which 
are  based  on  actual  measured  magnetic  field  values. 

1  INTRODUCTION 

The  1998  SRS  Upgrade  has  been  completed  and  two  new 
multipole  wigglers  (MPWs)  have  been  installed  as 
planned  [1],  These  new  additions  complement  the  two 
superconducting  wigglers  and  undulator  that  have  been  in 
the  SRS  for  some  time.  One  of  the  wigglers  will  provide 
light  for  two  experimental  stations,  both  dedicated  to 
protein  crystallography  [2].  The  other  will  have  one 
station  for  studying  the  interaction  of  photons  with 
molecules,  nanoclusters  and  surfaces  although  provision 
has  been  made  for  adding  a  second  station  at  a  later  date. 
The  new  multipole  wigglers  are  identical  permanent 
magnet  insertion  devices  optimised  for  output  around  10 
keV.  A  design  comprising  nine  2  T  poles  and  two  1.7  T 
end  poles  was  chosen  for  the  wigglers,  yielding  a  25  fold 
increase  in  photon  flux  per  horizontal  angle  at  10  keV 
compared  to  an  SRS  dipole. 

As  the  SRS  is  a  second  generation  light  source, 
installing  the  new  insertion  devices  necessitated  the 
relocation  of  several  machine  components,  notably  all 
four  RF  cavities  were  moved  to  alternative  straight 
sections  [3].  This  upgrade  also  provided  one  further  free 
straight,  possibly  to  be  occupied  in  the  future  by  a  helical 
undulator  to  give  light  with  variable  polarisation. 
Installation  of  the  wigglers  and  manoeuvring  of  machine 
components  was  completed  in  a  shutdown  at  the  end  of 
1998.  One  of  the  narrow  gap  vessels  for  use  with  the  new 
wigglers  had  already  been  installed  in  January  1998  so 
experience  could  be  gained  with  a  much-reduced  vertical 
aperture. 

2  MODELLING  THE  MULTIPOLE 
WIGGLERS 

Before  the  multipole  wigglers  were  installed  much 
commissioning  work  had  already  been  carried  out. 
Numerous  protective  devices  had  been  proved  to  work 
(e.g.  magnet  array  tilt,  temperature  and  beam  position 
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Figure  1:  Measured  magnetic  field  along  the  magnetic 
axis  of  an  MPW  at  operational  gap  (solid  line).  The  field 
assumed  in  the  hard-edged  lattice  model  is  also  shown 
(broken  line). 

interlocks)  and  the  magnetic  fields  produced  by  the 
wigglers  had  been  measured  extensively  [4],  These 
measurements  were  used  to  build  a  lattice  model  of  the 
MPWs. 

To  predict  the  effect  of  the  MPWs  on  the  SRS  electron 
beam  a  hard-edged  model  was  used.  The  number  of  poles 
and  the  total  length  of  a  real  MPW  were  conserved.  Two 
types  of  pole  were  used;  the  MPW  model  was  composed 
of  two  end  poles  and  nine  central  poles,  with  zero-field 
drift  spaces  in  between.  Actual  measurements  of  the 
magnetic  field  through  an  MPW  are  plotted  in  fig.  1  [4]. 
The  magnetic  field  for  the  hard  edged  model  is  also 
plotted.  Pole  length  and  magnetic  field  in  the  model  were 
varied  to  match  integrals  of  powers  of  the  on  axis 
magnetic  field.  Measurements  were  taken  from  one  of  the 
MPWs,  the  other  was  found  to  be  extremely  similar.  Net 
angle  of  bend  produced  by  a  magnetic  field  depends  on 
the  integral  of  the  magnetic  field  along  the  electron  path. 
Integrating  the  second  power  of  the  field  gives  the 
predominant  focussing  effect  whilst  change  in  emittance 
is  affected  primarily  by  the  integral  of  the  modulus  of  the 
third  power  of  magnetic  field  on  the  electron  path.  The 
hard-edged  model  cannot  match  integrals  of  all  three 
powers  of  magnetic  field  simultaneously  so  a  model  that 
gave  the  correct  integrals  of  first  and  second  powers  was 
used  to  predict  betatron  tune  shift.  Similarly  a  model  that 
matched  measured  integrals  of  the  first  and  third  power  of 
field  was  used  to  predict  emittance  blow-up.  It  is 
interesting  to  note  that  this  technique  leads  to  a  model  in 
which  the  end  poles  have  a  higher  field  strength  than  the 
centre  poles.  This  is  the  same  approach  that  was  used  to 
predict  the  tune  shift  and  emittance  increase,  accurate  to 
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first  order,  due  to  the  SRS  superconducting  wigglers  that 
were  installed  in  1982  and  1993  [5,6]. 

The  emittance  increase  and  tune  shift  due  to  one  of  the 
MPWs  predicted  using  the  Daresbury  lattice  code 
“ORBIT’  are  shown  in  table  1.  Values  without  the  MPW 
are  shown  for  comparison. 

Table  1:  Predicted  emittance  and  tune  shifts  in  the  SRS 
for  multibunch  operations.  It  is  estimated  that  an  MPW  at 
operational  gap  will  cause  an  emittance  increase  of  4%. 


Without 

MPW 

MPW  at  operational 
gap 

Radial  Emittance 
(nm  rad) 

104 

108 

Vertical  Tune 

3.350 

3.366 

Vertical  Tune  Shift 

0 

0.016 

Horizontal  Tune 

6.198 

6.198 

3  MEASURED  STORAGE  RING 
BEHAVIOUR 


3.1  Orbit  Shifts 

The  first  MPW  was  commissioned  with  beam  in  February 
1999.  As  the  magnet  gap  was  closed  the  betatron  tunes 
and  closed  orbit  were  recorded.  Plots  of  the  uncorrected 
RMS  horizontal  and  vertical  orbit  as  a  function  of  magnet 
gap  are  shown  in  fig.  2.  Fig.  3  shows  the  change  in  the 
integrated  magnetic  field  through  the  MPW,  measured 
before  the  MPW  was  installed  and  resulting  change  in  the 
orbit  at  a  typical  horizontal  beam  position  monitor  as  the 
MPW  gap  is  closed.  Excellent  correlation  is  evident 
between  the  integrated  field  through  the  MPW  and  the 
resulting  orbit  distortion. 

3.2  Tune  Shift  and  Beam  Size. 

The  SRS  tune  measuring  system  measures  the  coherent 
response  of  the  beam  to  an  electrostatic  deflection.  This 
signal  is  seen  at  a  frequency  corresponding  to  the 
fractional  part  of  the  betatron  tune.  Horizontal  and 
vertical  tunes  were  measured  as  the  MPW  magnet  gap 
was  closed.  Horizontal  tune  was  unchanged  to  within 
0.002;  a  plot  of  vertical  tune  shift  against  magnet  gap  is 
shown  in  fig.  4.  A  strong  correlation  between  the  MPW 
peak  field  and  the  vertical  tune  shift  is  evident,  as 
expected. 

The  discrepancy  between  the  tune  shift  measured  at  the 
MPW  minimum  operating  magnet  gap  of  20.5  mm  and 
that  calculated  using  the  hard  edged  model  is  16%.  When 
used  for  calculations  preceding  the  installation  of  the 
superconducting  wigglers  in  1982  and  1993  the 
discrepancies  were  zero  (to  within  the  accuracy  of  the 
measurement)  and  6%  too  high  respectively  [7,8].  These 
results,  taken  with  those  presented  in  this  paper  suggest 
that  the  hard  edged  model  becomes  less  accurate  for  high 
or  complicated  fields,  as  may  be  expected  for  a  simple 
model.  However,  the  discrepancies  are  not  so  large  as  to 
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Figure  2:  Horizontal  and  vertical  RMS  orbits  at  different 
MPW  magnet  gaps. 
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Figure  3:  Changes  to  horizontal  beam  position  at  a 
typical  BPM  and  integrated  magnetic  field  as  the  MPW 
magnet  gap  is  closed  from  200  mm. 
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Figure  4:  Measured  and  predicted  vertical  tuneshifts  at 
different  MPW  magnet  gaps.  The  MPW  peak  field  is 
also  shown. 
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make  the  approach  used  here  invalid.  In  general 
calculations  are  only  required  to  give  an  approximate 
estimate  of  effects  on  the  electron  beam,  in  order  to 
specify  the  accelerator  components  required  for 
correction.  Therefore  the  hard  edged  model  is  still  useful 
to  accelerator  physicists  as  a  comparatively  quick  and 
accurate  way  of  anticipating  the  effects  that  a  proposed 
insertion  device  will  have  on  an  accelerators 
characteristics. 

During  commissioning  the  beam  sizes  at  the  SR 
diagnostic  port  were  not  seen  to  change  (to  within  the  5% 
repeatability  of  the  measurement).  This  is  consistent  with 
the  very  small  predicted  increase  in  the  emittance,  shown 
in  table  1.  No  change  in  horizontal-vertical  coupling  was 
observed. 

The  MPW  was  not  observed  to  have  any  effect  on  the 
electron  beam  lifetime. 

3.3  Correcting  the  Effects  of  the  MPWs  on  the 
Storage  Ring 

A  similar  correction  scheme  is  used  for  the  new  MPWs  as 
was  successfully  implemented  for  the  superconducting 
wigglers  at  Daresbury  [6].  Trim  coils  fitted  around  the 
magnet  arrays  correct  the  integrated  field  of  the  MPW  to 
minimise  the  RMS  horizontal  orbit.  An  active  shunt  is 
fitted  to  the  local  vertically  focussing  quadrupole  to 
correct  for  the  vertical  focussing  of  the  MPW.  During  the 
commissioning  of  an  MPW  the  currents  required  through 
the  trim  and  shunt  to  correct  both  the  orbit  and  tunes  for 
several  MPW  magnet  gaps  were  recorded.  These  values 
were  then  fed  into  the  control  system  so  that  software 
may  be  used  to  automatically  carry  out  orbit  and  tune 
correction  as  the  magnet  gap  is  changed  during 
operations.  Initial  trials  of  these  systems  were  very 
successful. 
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4  SUMMARY 

As  well  as  preparing  one  MPW  for  use,  its  radiation  port 
has  also  been  commissioned,  although  the  beamline  and 
experimental  stations  are  not  due  for  completion  until 
May  of  this  year.  Radiation  was  successfully  extracted 
from  the  port  on  8“'  March  1999,  at  the  first  attempt, 
making  it  likely  that  the  two  new  protein  crystallography 
stations  will  be  ready  for  users  by  September  and 
November  respectively  [9],  The  second  MPW  beamline 
will  not  be  permitted  to  take  beam  until  it  is  complete,  for 
radiation  safety  reasons.  This  will  happen  during  the 
second  half  of  1999. 
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Abstract 

Two  new  high  field  2  T  multipole  wigglers  have  been 
built  for  the  SRS.  Detailed  mechanical  and  magnetic  tests 
have  been  made  and  these  are  compared  with  the  expected 
theoretical  performance.  These  insertion  devices  have 
now  been  installed  into  the  SRS  and  are  operating 
successfully. 

1  INTRODUCTION 

Two  new  high  field  (2  T)  hybrid  Multipole  Wigglers  have 
been  designed  and  constructed  for  the  SRS  Upgrade 
Project  [1].  The  two  insertion  devices  are  identical  and 
have  been  specified  to  provide  maximum  flux  at  a  photon 
energy  of  10  keV.  The  chosen  design  will  provide  a 
source  with  about  25  times  more  photons  per  horizontal 
angle  at  this  photon  energy  than  a  standard  SRS  dipole 
source.  One  of  the  beamlines  will  have  2  experimental 
stations,  both  dedicated  to  protein  crystallography.  The 
other  beamline  will  initially  have  one  station,  for  studying 
the  interaction  of  photons  with  molecules,  nanoclusters 
and  surfaces,  although  provision  has  been  made  for  a  2”i 
station  to  be  added  at  a  later  date. 

All  aspects  of  the  Multipole  Wigglers  were  fully 
specified  and  designed  by  Daresbury  Laboratory  but  the 
manufacture  and  assembly  was  carried  out  under  a 
commercial  contract  by  Sincrotrone  Trieste  SCpA.  The 
contract  was  placed  during  the  Summer  of  1997  and  both 
the  insertion  devices  were  delivered  to  Daresbury 
Laboratory  1 1  months  later.  The  final  magnet  design  is 
described  in  [2]. 

2  MECHANICAL  MEASUREMENTS 

A  detailed  series  of  mechanical  measurements  were 
carried  out  on  both  MPWs  (referred  to  as  MPW  1  and 
MPW  2)  after  they  were  delivered  to  Daresbury 
Laboratory.  The  gap  between  the  steel  pole  pieces  was  set 
to  the  nominal  minimum  value  of  19.2  mm  and  ceramic 
slip  gauges  with  increments  of  1  pm  were  used  to  measure 
the  gap  under  each  of  the  11  poles  in  two  horizontal 
positions.  As  expected  the  gap  was  slightly  larger  on  the 
inside  of  the  magnet  compared  to  the  outside.  This  is 
simply  due  to  the  C  shape  design  of  the  magnet  support 
structure.  The  maximum  gap  difference  along  the  whole 
of  the  magnet  was  40  pm  for  MPW  1  and  102  pm  for 
MPW  2.  This  compares  remarkably  well  with  the 
predicted  80  pm  from  FEA  calculations  [3]. 


Measurements  were  also  made  of  the  repeatability  of  the 
carriages  between  the  maximum  gap  of  200  mm  and  19.2 
mm.  The  pitch  and  roll  were  measured  with  a  Kern  Nivel 
20  electronic  level  with  a  resolution  of  1  prad.  The  gap 
was  opened  and  closed  5  times  and  the  maximum  angle 
variation  observed  at  either  gap  for  MPW  1  was  6  prad  of 
pitch  and  1 1  prad  of  roll  and  for  MPW  2,  1 1  prad  of  pitch 
and  8  prad  of  roll.  In  each  case  the  repeatability  is 
excellent  for  a  mechanical  system  where  the  force 
between  the  two  arrays  is  increasing  by  about  5  tonnes  as 
the  gap  closes. 

3  MAGNETIC  MEASUREMENT 
LABORATORY 

A  new  Magnet  Measurement  Laboratory  has  been  built  at 
Daresbury  Laboratory  for  measuring  insertion  devices. 
Two  measurement  facilities  were  designed,  a  Hall  Probe 
Bench  and  a  Flipping  Coil  Bench.  The  laboratory  is 
temperature  controlled  to  ±1°C  to  improve  the 
repeatability  of  the  measurements. 

3.1  Hall  Probe  Bench 

Table  1.  Hall  Probe  Bench  specifications. 


Hall  Probe 

MPT- 141 -3m 

Teslameter 

DTM-141-DG 

Longitudinal  Range 

1400  mm 

Horizontal  Range 

200  mm 

Vertical  Range 

100  mm 

Longitudinal  Resolution 

1  pm 

Horizontal  Resolution 

0.5  pm 

Vertical  Resolution 

0.5  pm 

Nominal  Longitudinal  Velocity 

1  mm/s 

Maximum  Calibrated  Field 

2.2  T 

Hall  Probe  Precision 

±  0.01  % 

Hall  Probe  Resolution 

0.5  G 

Temperature  Stability 

±  10  ppm/°C 

Sensitive  Area 

1 .0  x  0.5  mm 

The  Hall  Probe  Bench  is  designed  to  measure  the 
magnetic  field  at  discrete  points  in  the  insertion  device. 
The  Hall  Probe  can  be  scanned  in  all  three  linear  axes 
with  a  resolution  of  1  pm  in  the  longitudinal  direction  and 
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0.5  pm  in  the  horizontal  and  vertical  directions.  The  Hall 
Probe  and  Teslameter  used  were  supplied  by  Group  3  [4], 
The  specification  of  the  Hall  Probe  System  is  summarised 
in  Table  1.  The  system  is  fully  automated  and  is 
controlled  by  a  local  PC  running  LabVIEW  [5].  The  PC 
uses  RS232  to  interface  with  the  motors  and  encoders  and 
GPIB  to  interface  with  the  Hall  Probe.  The  Hall  Probe  is 
normally  oriented  to  measure  vertical  magnetic  fields 
though  it  can  measure  in  other  orientations  as  required.  At 
present  the  system  moves  the  probe  to  the  desired  location 
and  then  takes  a  reading  once  it  has  stopped  moving.  The 
possibility  of  an  ‘on-the-fly’  measurement  has  not  yet 
been  investigated.  The  time  taken  for  a  1 .4  m  scan  with  a 
reading  every  2  mm  is  approximately  30  minutes  (less 
than  3  s  per  point). 

3.2  Flipping  Coil  Bench 

The  Hall  Probe  system  is  designed  to  measure  the  field  at 
discrete  points,  so  it  is  ideal  for  mapping  out  the  magnetic 
field  along  the  axis,  for  example.  However,  since  each 
field  reading  has  an  error  associated  with  it  (albeit  small) 
the  total  error  in  any  integral  measurement  can  be 
significant.  In  order  to  measure  the  field  integrals  more 
accurately  a  flipping  coil  scheme  was  also  designed.  This 
will  measure  the  integrals  in  a  single  measurement  (in  a 
few  seconds)  and  the  error  in  the  measurement  should  be 
smaller  than  in  a  numerically  calculated  integral  taken 
from  the  Hall  Probe  scan.  A  20  turn  coil,  made  by 
soldering  individual  50  pm  strands  of  Litz  wire  together  to 
form  a  complete  circuit,  is  mounted  between  two  rotating 
heads.  The  coil  mounting  heads  are  approximately  2.5  m 
apart  on  a  linear  guide  rail  system.  They  can  be  moved 
manually  in  a  longitudinal  direction  so  that  the  correct 
tension  can  be  set  in  the  wire;  a  tensiometer  is  provided 
for  this  purpose.  The  heads  can  be  moved  remotely  in  the 
horizontal  and  vertical  directions  with  a  resolution  of  0.5 
pm.  The  heads  can  also  rotate  360°  about  the  longitudinal 
axis  with  a  resolution  of  better  than  0.001°.  The  full 
specification  for  the  flipping  coil  system  is  given  in  Table 
2.  The  system  is  fully  automated  and  is  controlled  by  a 
local  PC  running  LabVIEW.  The  PC  uses  RS232  to 
interface  with  the  motors  and  encoders  and  GPIB  to 
interface  with  the  HP  Multimeter  that  is  used  as  the 
Voltage  Integrator. 

The  flipping  coil  system  was  only  completed  as  the 
MPWs  arrived  for  testing,  therefore  the  commissioning 
time  available  was  very  short.  The  system  gave 
reasonable  results  but  the  repeatability  was  never  better 
than  a  few  %.  It  became  apparent  that  the  repeatability 
was  limited  because  of  a  noisy  voltage  signal  from  the 
coil.  The  noise  appeared  to  be  due  to  the  coil  vibrating  as 
it  was  rotated.  Vibration  measurements  have  recently 
started  to  try  to  determine  exactly  which  component  of  the 
system  is  responsible  for  the  vibration  so  that  remedial 
action  can  be  taken.  The  integrated  field  measurements 


presented  in  this  paper  were  all  calculated  from  the  Hall 
Probe  results. 


Table  2.  Specifications  for  the  Flipping  Coil  Bench 


Nominal  Coil  Length 

2.5  m 

Maximum  Coil  Length 

3.0  m 

Nominal  Coil  Width 

10  mm 

Nominal  Rotation  Velocity 

20  °/s 

Horizontal  Range 

200  mm 

Vertical  Range 

100  mm 

Rotation  Resolution 

<0.001° 

Horizontal  Resolution 

0.5  pm 

Vertical  Resolution 

0.5  pm 

Voltage  Integrator 

HP  345 8 A  DMM 

4  MAGNET  MEASUREMENT  RESULTS 

The  peak  field  measured  under  the  central  pole  as  a 
function  of  gap  is  given  in  figure  1.  The  maximum  field 
variation  between  the  9  full  strength  poles  at  the  minimum 
gap  of  19.2  mm  is  less  than  0.5  %  for  both  magnets. 


Figure  1 .  Measured  peak  field  on  axis  against  gap. 

The  vertical  magnetic  field  as  a  function  of  longitudinal 
position  at  19.2  mm  gap  is  shown  in  figure  2.  The  full 
strength  poles  reach  a  field  of  2.09  T  and  the  two  end 
poles  are  1.71  T.  The  agreement  with  the  three- 
dimensional  model  generated  with  Opera  3D  [6]  is  very 
good  with  the  largest  difference  between  the  two  sets  of 
data  at  the  poles  being  0.9%.  The  measured  and  modelled 
data  for  the  central  portion  of  one  of  the  MPWs  is  shown 
in  figure  3. 
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Longitudinal  Position  (mm) 

Figure  2.  Measured  field  on  axis  against  longitudinal 
position  at  19.2mm  gap. 


Figure  3.  Comparison  of  the  measured  field  values  with 
the  theoretical  model  over  the  central  pole  at  19.2mm  gap. 

The  measured  field  integrated  longitudinally  at  different 
horizontal  offsets  is  given  in  figure  4  for  both  MPWs.  A 
6'h  order  polynomial  has  been  fitted  to  the  data  points  to 
estimate  the  integrated  sextupole.  For  MPW  1  the 
integrated  sextupole  at  minimum  gap  is  1 .37  T/m  and  for 
MPW  2  it  is  2.60  T/m.  The  difference  between  the  two 
magnets  is  due  to  the  greater  angle  error  between  the  two 
magnet  arrays  in  the  radial  direction  in  MPW  2  compared 
with  MPW  1  as  discussed  in  Section  2. 

The  variation  of  the  integrated  vertical  field  on  axis  as  a 
function  of  gap  is  plotted  in  figure  5.  The  maximum 
integral  of  2.0  mT-m  is  easily  compensated  with  the 
simple  trim  coil  fitted  to  the  MPWs.  The  maximum 
current  required  in  the  trim  coils  to  maintain  a  no  steering 
condition  from  the  MPW  is  about  0.5  A,  giving  a  current 
density  within  the  air-cooled  copper  conductor  of  about 
0.2  A/mm2. 

Both  MPWs  are  now  installed  in  the  SRS  and 
commissioning  with  beam  has  commenced  [7].  Since  the 
MPWs  exceed  the  specified  requirement  of  the  beamlines 


to  operate  at  2.0  T  the  operating  gap  will  be  20.5  mm 
instead  of  the  minimum  of  19.2  mm. 


Figure  4.  Integrated  vertical  field  against  horizontal 
position  with  a  6111  order  polynomial  fit.  The  solid  line  is 
for  MPW  1  and  the  dashed  line  is  MPW  2. 


Figure  5.  Integrated  vertical  field  on  axis  as  a  function  of 

gap- 
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M.A.  Green#,  W.R.  Winter,  M.  Thikim,  C.A.  Baumann+,  M.V.  Fisher, 

G.C.  Rogers,  D.E.  Eisert,  W.S.  Trzeciak,  R.A.  Bosch 
Synchrotron  Radiation  Center,  3731  Schneider  Dr.,  Stoughton,  WI  53589-3097 


Abstract 

In  collaboration  with  one  of  its  user  groups,  the  SRC  has  in¬ 
stalled  a  new  planar  electromagnetic  undulator  (EMU)  on 
the  Aladdin  storage  ring.  Field  quality,  and  resulting  radia¬ 
tion-performance  of  the  device,  are  sufficiently  close  to  the 
ideal  that  no  shimming  was  required.  With  slight  exception, 
only  minor,  anticipated  adaptation  onto  the  Aladdin  ring 
was  needed  to  meet  strict  operational  requirements.  Major 
details  of  the  design,  fabrication,  ex-citu  and  in  situ  testing, 
and  commissioning  are  presented. 

1  DESIGN 

The  EMU  described  here  serves  as  a  source  for  a  high-reso- 
lution  normal-incidence  monochromator  (NIM)  beamline 
that  covers  the  range  from  6-40  eV  [1],  The  device  was 
designed  by  SRC  and  constructed  jointly  with  the  Physical 
Sciences  Laboratory  (UW-Madison).  The  electromagnetic 
type  was  chosen  for  a  number  of  reasons:  favorable  experi¬ 
ence  with  a  similar  device  for  Iowa  State  University  [2]; 
excellent  field-quality  control  made  possible  with  a  copper- 
iron  geometry;  and  conventional  construction  that  both  uses 
inexpensive  materials  and  enables  in-house  fabrication, 
leading  to  substantial  cost  savings. 

1.1  Mechanical  Design 

The  EMU  operates  in  an  environment  for  which  the  air 
temperature  is  72  °F  and  the  cooling  water  temperature  is 
95  °F.  The  elevated  cooling  temperature  is  used  for  all  ring 
magnets  and  is  related  to  the  capacity  of  external  cooling 
towers. 

The  pole  material  is  1006  hot-rolled,  low-carbon  steel. 
Each  poleface  surface  is  passivated  against  corrosion  with 
an  acrylic  spray  coating.  The  poles  are  affixed  to  3  "-thick 
intermediate,  aluminum  backing  plates  which  in  turn  are 
bolted  to  upper  and  lower  aluminum  spars.  Each  spar 
assembly  is  supported  at  points  which  minimize  spar  deflec¬ 
tion  under  combined  gravitational  and  magnetic  loading. 
Poles  were  dimensionally  sorted,  using  an  optical  compar¬ 
ator,  to  achieve  the  greatest  period  uniformity.  Stick  mi¬ 
crometer  measurements  were  made  on  the  pole  assemblies 
to  verify  positional  accuracy.  There  is  an  observed  increase 
in  field,  corresponding  to  a  decrease  in  gap,  over  the  center 
section  of  the  device  by  0.4%  at  zero  field  and  0.5%  at  full 
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excitation. 

The  coordinate  system  is  right-handed  with:  x  =  trans¬ 
verse  radially  outward  in  the  horizontal  plane,  y  =  vertically 
"up",  and  z  =  longitudinal  in  the  direction  of  the  beam.  The 
EMU  is  mounted  on  the  ring  from  the  outside  such  that  the 
+x-direction  is  toward  the  C-frame.  Because  of  Aladdin’s 
low  injection  energy  of  108  MeV,  the  entire  EMU  is 
radially  retractable  on  a  motor-driven  under-carriage  as  an 
additional  safeguard  against  interference  with  injection. 

Nominal  mechanical  and  magnetic  parameters  are  shown 
in  Table  1. 


Table  1 :  Mechanical  &  Magnetic  Parameters 


Parameter 

Value 

Magnet  Gap,  g 

24  mm 

Pitch,  \ 

10.9  cm 

Pole  Width 

1 0.0  cm 

End  Termination  Pattern  (w/o  signs) 

1/4,  3/4,  1,1... 

...  1,  1,3/4,  1/4 

Total  Number  of  Poles 

64 

Overall  Length 

3.5  m 

Peak  Field 

4.0  kG 

Peak  K-value 

4.1 

1.2  Electrical  Design 

Nominal  electrical  parameters  are  shown  in  Table  2. 


Table  2:  Electrical  Parameters 


Parameter 

Value 

Total  Inductance 

0.011  Henry 

Current  at  Peak  Field 

257  A 

Voltage  at  Peak  Field 

108  V 

Total  Ohmic  Power  at  Peak  Field 

27.8  kW 

Power  Supply  Regulation 

<  0.4  mA 

Peak  Current  Density  in  Copper 

5070  A/in2 

The  power  supply  used  for  operation  is  DCCT-regulated 
and  capable  of  300-A  by  120-V  output.  Reflecting  the  on¬ 
set  of  saturation,  the  required  peak  current  at  peak  field  is 
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3.5%  more  than  expected  from  lower-excitation  linear  ex¬ 
trapolation. 

The  upper  and  lower  pole  assemblies  are  not  magnetically 
"strapped"  together  [3].  In  this  geometry  any  environmental 
By  field  is  enhanced  by  roughly  a  factor  of  2.5  resulting  in 
an  average  By  field  of  about  1  G  from  Earth’s  field.  This 
field  component  is  corrected  by  full-length  coils  around  the 
upper  and  lower  pole  assemblies.  Trim  coils  were  provided 
on  the  first  and  last  two  poles  (top  and  bottom),  although 
their  use  has  not  been  found  necessary.  Although  also 
found  unnecessary,  passive  current  shunting  of  individual 
pole  pairs  (top  &  bottom)  was  considered  for  phase  shim¬ 
ming. 

2  FIELD  MEASUREMENTS 

2.1  Description 

Environmental  The  EMU  was  tested  in  an  environmentally 
controlled  room,  for  which  the  temperature  could  be  stabi¬ 
lized  at  the  ring  operating  temperature  of  72  °F.  Similarly, 
a  closed-loop,  thermally-regulated  source  of  cooling  water 
at  95  °F  was  also  provided.  Under  these  conditions  stabi¬ 
lized  temperatures  over  the  upper  and  lower  aluminum 
spars  varied  by  ±0.2  °F  and  ±0.7  °F,  respectively. 

Control  &  Data  Acquisition  The  mapping  system  is  com¬ 
posed  of  a  Pentium-based  PC  with  a  stepping  motor  con¬ 
troller  board,  a  GPIB  board  and  a  16-bit  ADC/D  AC  board. 
Two  stepping  motors  are  used  by  the  system.  One  motor 
drives  a  Group  3  Hall  probe  longitudinally  (z)  through  the 
undulator  gap  and  the  second  motor  positions  the  probe 
transversely  (x).  An  on-axis  laser  interferometer  is  used  to 
measure  the  probe’s  relative  longitudinal  position  in  the  un¬ 
dulator.  A  digital  micrometer  is  used  at  one  end  of  the  un¬ 
dulator  to  set/reset  the  initial  absolute  position.  During 
mapping  the  laser  interferometer  issues  TIL  pulses  every 
25  pm  which  trigger  the  ADC  board  to  read  the  analog  out¬ 
put  from  the  Hall  probe. 

The  mapping  system  collects  1 80000  data  points  on  both 
forward  (-z)  and  return  (+z)  passes.  At  the  end  of  the  for¬ 
ward  pass  the  Hall  probe  enters,  and  briefly  stops  within,  a 
magnetic  shield  where  the  software  records  24000  back¬ 
ground  data  points  at  about  8000/sec.  A  complete  round 
trip  of  a  forward  pass,  a  background  measurement,  and  the 
return  pass  takes  about  one  minute.  At  this  probe  speed  the 
peak  data  rate  is  also  about  8000/sec.  The  software  can 
make  a  series  of  round  trip  passes  at  preprogramed  radial 
(x)  displacements  without  user  intervention. 

Apparatus  The  analog  output  from  the  G3  Hall  probe  was 
precalibrate  at  the  factory.  The  probe  is  supported  on  a  car¬ 
riage  that  has  a  manual  y-motion  stage  and  the  computer- 
controlled  x-motion  stage.  The  carriage  moves  at  a  rate  of 
about  200  mm/sec  along  a  4.5-m  rail  that  extends  about 
0.5  m  past  each  end  of  the  EMU.  Limit  switches  for  the 


longitudinal  carriage  drive  are  provided  in  the  event  of  com¬ 
puter-drive  error.  The  rail  is  supported  off  the  lower  spar 
keeping  the  probe  at  the  same  relative  vertical  position  with 
respect  to  the  median  plane  for  a  fixed-gap  device.  A 
retroreflector  travels  with  the  carriage  along  the  z-axis  such 
that  laser  interferometer  measurements  are  not  affected  by 
offset  errors.  Refractive  index  air-path  corrections  were 
made  for  the  interferometer  measurements.  Because  of  the 
elevated  operating  temperature,  it  was  necessary  to  create 
turbulence  in  the  air  along  the  longitudinal  axis  for  proper 
operation  of  the  interferometer. 

The  probe  is  mounted  in  a  holder  which  allows  arbitrary 
90°  rotations  about  the  z-axis  allowing  By,  Bx,  and  flipped 
-By,  -Bx  measurements.  Measurements  taken  in  the  field- 
shielded  region  (between  the  forward  and  reverse  passes) 
allowed  determination  of  the  Hall  probe  offset,  the  residual 
background,  and  any  magnetization  of  the  shield,  which 
values  were  subsequently  factored  into  the  data  analysis. 
No  significant  dependence  of  these  parameters  was  found 
either  on  x-position  or  on  device  excitation. 

It  must  be  noted  that  the  maximum  excitation  for  testing 
was  240  A  whereas  that  for  operation  is  257  A.  The  dif¬ 
ference  arises  because  the  new  power  supply  for  operation 
had  not  been  delivered  in  time  for  testing. 

2.2  Results 

Hysteresis  As  standard  procedure,  the  device  was  always 
operated  on  a  standard  uni-polar  hysteresis  curve,  attained 
by  cycling  from  minimum  to  maximum  to  minimum  excita¬ 
tion  5  times.  The  maximum  difference  between  the  lower 
and  upper  branches  was  about  15  G  in  field,  or  about  0.8% 
in  relative  photon  energy. 

Multipoles  Simple  summation  of  the  1 80000-point  By(x)  or 
Bx(x)  data  files  result  in  the  longitudinal  integrals 
IBy(x)  s  jBy(x,z)dz  and  IBx(x) = /Bx(x,z)dz,  respectively,  all 
additionally  as  functions  of  the  excitation.  It  is  felt  that  rms 
errors  in  the  IB’s  do  not  exceed  about  1  G-cm.  From  the 
IB’s,  the  respective  normal  and  skew  multipole  moments 
are  derived  by  fitting.  Over  all  excitations,  the  required  and 


Table  3:  Multipole  Magnitudes,  Over  All  Excitations 


Multipole 

Req’d 

Meas. 

Units 

Dipole  Normal 

lOO-lO'6 

See  Text 

Tm 

Skew 

100-1  O'6 

170-10 6 

Quadrupole  Normal 

6.7-1 0‘3 

0.9- lO3 

Skew 

1-103 

0.6-1 0'3 

1 

Sextupole  Normal 

1.25 

0.03 

T/m 

Skew 

1.25 

0.03 

Octupole  Normal 

40 

5 

T/m2 

Skew 

40 

4 
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measured  multipoles  are  as  shown  in  Table  3.  Since  a  long- 
coil  is  present  to  correct  IBy,  the  normal-dipole  component 
is  variable;  a  single,  fixed  setting  for  this  coil  was  found 
which  satisfied  the  requirement.  The  skew-dipole  (vertical 
steering  error)  is  out  of  the  original  spec  but  is  not  so  easily 
corrected.  However,  this  component  has  been  relaxed  since 
the  ring  orbit  control  is  quite  able  to  cope  with  this  steering 
error. 

%  Ideal  The  on-axis  By(0,0,z)  and  Bx(0,0,z)  fields  are  used 
to  predict  and  assess  the  quality  of  the  undulator  radiation 
that  would  be  emitted,  using  the  UR  code  [4].  There  are 
two  systematic  field  errors  which  are  known  to  affect  the 
harmonic  radiation  in  the  present  case.  The  first  can  be 
from  the  concentration  of  Earth’s  field,  if  the  long  By  coil 
isn’t  used,  and  the  second  stems  from  the  mid-section  field 
enhancement.  With  fixed,  long-coil  correction  active, 
degradation  of  the  3rd  harmonic  over  its  useful  range  is 
computed  to  be  less  than  10%,  the  majority  of  which  is  not 
due  to  the  mid-section  systematic  error. 

Internal  Orbit  Walk  Vertical  and  horizontal  orbit  integra¬ 
tions  interior  to  the  undulator  affect  both  the  quality  of  the 
radiation  (see  above)  and  the  effective  source  point  of  radi¬ 
ation  for  the  beamline.  Over  all  excitations,  the  variation  of 
effective  source  point  is  <  30  pm  after  gross  steering  cor¬ 
rection. 

Phase  Errors  A  common  measure  of  the  field  quality  that 
affects  the  quality  of  radiation  is  rms  phase  error  [5].  At 
selected  values  over  the  range  of  excitations,  this  value 
ranges  from  1 .0°  at  low  excitation  to  4.6°  at  high  excitation. 

3  CONTROL 

Quad  Shunting  The  undulator  is  situated  in  a  long  straight 
section  between  two  FODOF  triplets.  A  natural  conse¬ 
quence  of  undulator  operation  is  vertical  edge  focusing. 
SRC  policy  is  presently  to  limit  any  dynamic,  undulator-in- 
duced  relative  vertical  beam  size  variations  around  the  ring 
to  <  1  %.  If  the  additional  vertical  focusing  were  left  uncor¬ 
rected,  the  resulting  relative  vertical  beam  size  changes 
would  be  excessive,  thus  necessitating  correction.  An  ap¬ 
proximate,  yet  satisfactory,  means  of  correction  is  to  shunt 
current  in  adjacent,  upstream  and  downstream,  quadrupoles . 
The  degree  of  shunting  required  is  nearly  proportional  to  K2 
and  is  easily  programmed  into  the  control  system. 

BPM  Offsets  Aladdin  has  horizontal  and  vertical  feedback 
control  of  the  closed  orbit.  In  the  straight  section  containing 
the  undulator  there  are  basically  four  beam-position-mon¬ 
itor  (BPM)  and  steering-magnet  combinations  in  both  vert¬ 
ical  and  horizontal  planes  with  inner  and  outer  pairs  strad¬ 
dling  the  undulator.  The  inner-pair  BPM-steerer  combin¬ 
ations  can  have  preset  orbit  offsets  for  position  and  angle 
steering  of  the  undulator  radiation  source  for  alignment  into 


the  attendant  beamline.  This  done,  the  outer  pairs  maintain 
an  unperturbed  closed  orbit  everywhere  else  around  the 
ring. 

Hysteresis  Operationally,  a  possible  0.8  %  energy  uncer¬ 
tainty  from  hysteresis  was  considered  unacceptable. 
Therefore,  a  Hall  probe  was  permanently  installed  on  a 
pole-face  and  calibrated  against  the  on-axis  field.  Precision 
of  calibration  is  not  very  important  (its  within  a  few  tenths 
of  an  eV)  but  the  repeatability  that  this  solution  makes 
possible  is.  Software  feedback  control  of  the  undulator’s 
excitation  is  entered  by  the  beamline  user  in  eV  and  relies 
upon  the  Hall  probe  for  its  operation. 

4  INITIAL  EXPERIENCE 

The  EMU  is  now  installed  on  the  Aladdin  ring  where  it  is 
also  paired-up  with  the  new  power  supply.  SRC  maintains 
the  option  of  installing  magnetic  shielding  between  any 
insertion  device  and  neighboring  quadrupoles.  So  far  this 
hasn’t  been  necessary,  the  present  case  in  particular.  Pre¬ 
liminary  ambient-field  mapping  in  the  straight  section 
where  the  device  is  installed  was  conducted,  resulting  in  the 
correction  of  a  very  minor  problem  with  an  ion  pump. 

The  radial  retraction  of  the  undulator  for  low-energy  in¬ 
jection  also  is  found  empirically  unnecessary.  In  fact,  actu¬ 
ally  discovered  by  accident,  injection  is  observed  to  proceed 
with  little  difficulty  (with  only  steering  correction)  at  70  A 
of  excitation. 

Without  quad-shunt  correction,  the  observed  relative  vert¬ 
ical  beam  size  changes  at  optical  monitors  around  the  ring 
are  <,  8%.  However,  with  quad-shunt  correction  the  observ¬ 
ed  vertical  beam  size  variations  at  the  optical  monitors  are 
<1%  over  the  full  operating  range  of  excitations.  Opera¬ 
tionally,  any  beam  positional  variations  around  the  ring,  in 
the  presence  of  global  feedback  orbit  control,  are  entirely 
satisfactory.  Further,  no  adverse  coupling  or  lifetime 
effects  have  been  observed. 

Lastly,  the  attendant  high-resolution  NIM  beamline  is  just 
now  being  commissioned.  Consequently,  comparative 
measurements  and  experience  from  the  beamline  are  not  yet 
available.  It  is  anticipated  that  these  will  be  reported  in  the 
near  future. 
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Abstract 

57  Insertion  Devices  (IDs)  segments  are  now  in  operation 
in  the  ESRF  Storage  Ring  serving  29  beamlines.  A 
review  of  the  present  situation  is  made  together  with  a 
detailed  description  of  the  recently  built  in-vacuum 
undulator.  The  mechanical  and  magnetic  designs  together 
with  the  pumping  and  conditioning  with  beam  are 
described.  No  lifetime  reduction  is  observed  for  any 
magnetic  gap  larger  than  6  mm.  A  summary  is  made  of 
the  most  important  properties  of  several  new  innovative 
IDs  including  the  3  T  permanent  magnet  wiggler,  the 
quasi-periodic  undulator  and  the  fast  switching  helical 
undulator. 

1  INTRODUCTION 

The  European  Synchrotron  Radiation  Facility  (ESRF)  is  a 
third  generation  synchrotron  light  source  optimized  to 
produce  high  brilliance  X-rays  in  the  1-100  keV  range  by 
means  of  Insertion  Devices.  The  IDs  consist  of  1.6  m 
long  segments.  A  complete  5  m  long  straight  section 
accommodates  three  segments.  At  present,  57  segments 
are  in  operation  representing  a  cumulative  length  of  90  m 
and  serving  29  ID  beamlines.  The  IDs  are  built  according 
to  the  specific  requirements  of  each  beamline  user.  As  a 
result,  more  than  30  different  magnetic  designs  have  been 
implemented.  Almost  all  IDs  are  made  of  permanent 
magnets  with  magnet  blocks  in  the  open  air  on  both  sides 
of  a  fixed  aperture  vacuum  chamber.  More  than  80%  of 
IDs  are  low  field  undulators  which  provide  a  record 
brilliance  of  up  to  1.5xl020  Phot/s/0.  l%/mm2/mrad2.  Due 
to  a  mechanical  and  magnetic  shimming  process,  the  rms 
phase  errors  of  the  large  majority  of  conventional 
undulators  are  in  the  1-2  degree  range  at  any  useful  gap, 
allowing  safe  operation  on  high  harmonic  numbers.  The 
high  energy  range  above  40  keV  is  covered  by  wigglers 
with  a  moderate  brilliance.  In  an  attempt  to  shift  the 
undulator  spectrum  to  higher  energies,  an  in-vacuum 
undulator  has  been  built  and  is  now  in  operation.  It  is 
described  in  detail  in  Section  2.  Other  new  special  IDs  are 
briefly  discussed  in  Section  3,  such  as  the  3  Tesla 
permanent  magnet  wiggler,  the  quasi-periodic  undulator 
and  the  fast  switching  helical  undulator. 

2  IN-VACUUM  UNDULATOR 

An  in- vacuum  undulator,  designed  and  built  at  the  ESRF, 
was  installed  in  the  storage  ring  during  the  1999  January 
shutdown.  The  commissioning  took  only  a  few  days  and 
less  than  a  week  after  it  had  received  the  first  beam,  it  was 
in  use  on  the  Material  Science  beamline,  ID1 1. 


2.1  Mechanical  design  of  the  carriage 


The  carriage  and  its  vacuum  system  is  shown  in  Fig.  1 . 


Figure  1:  In-vacuum  undulator  carriage  and  vacuum 
system 


This  presents  two  remotely-controlled  motorizations. 
The  main  one  is  dedicated  to  the  magnetic  gap  tuning 
ranging  from  0  to  30  mm  at  a  maximum  speed  of  1  mm/s 
and  a  resolution  of  0.6  pm.  The  other  (the  offset) 
vertically  translates  the  full  magnet  assembly  for  a  precise 
centering  of  the  electron  beam  in  the  middle  of  the  gap  of 
the  undulator  in  order  to  maximize  the  beam  lifetime  at 
small  gaps.  The  offset,  rarely  used,  enables  an  immediate 
re-alignment  following  any  possible  ground  settlement. 
Stepper  motors  and  absolute  encoders  are  used  to  drive  and 
monitor  each  motion.  To  minimize  the  size  of  the 
vacuum  tank,  a  rigid  girder  is  placed  in  the  open  air  on  the 
outside  of  the  vacuum.  This  minimizes  the  deformation 
under  the  magnetic  load.  A  smaller  cross-section  girder  is 
located  in  the  vacuum.  Both  girders  are  linked  to  each 
other  by  eight  connecting  rods  equipped  with  UHV 
bellows. 

2.2  Magnets 

The  magnet  structure  is  a  hybrid  structure  with  69  periods 
of  23  mm.  It  is  expected  that  in  extreme  situations  the 
gap  will  be  the  limiting  aperture.  This  may  result  in  a 
possible  scraping  of  the  electron  beam  by  the  magnetic 
assemblies.  To  minimize  any  risk  of  demagnetization 
from  exposure  to  the  electron  beam  [1]  a  grade  of  Sm2Con 
(INCOR26,  produced  by  UGIMAG)  was  used  for  the 
magnet  instead  of  the  NdFeB  material  used  in 
conventional  undulators.  The  magnetic  properties  of 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2662 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Sm2Co17  are  more  resistant  to  high  temperature  and  to 
irradiation  by  electrons.  The  penalty  is  a  15  %  reduction 
in  magnetization.  The  magnet  blocks  are  protected  by  a 
Nickel  galvanic  coating  (10  pm  thick)  which  simplifies 
the  cleaning  of  the  magnet  surfaces.  Following  the 
delivery  of  the  magnet  blocks  and  soft  iron  poles 
(ARMCO  steel),  a  special  cleaning  sequence  [2]  was 
applied:  degreasing  with  Perchloroethylene  vapour  (at  120 
°C),  followed  by  an  ultrasonic  cleaning  in  an  alkaline  bath 
(at  60  °C),  and  finally  rinsing  with  deionised  water  in  an 
ultrasonic  bath  (at  60  °C).  As  a  result  of  this  cleaning,  a 
small  magnetization  loss  of  0.25  %  was  measured. 
Following  the  assembly  of  magnet  and  poles,  and  after 
magnetic  correction,  a  Cu-Ni  sheet  (i.e.  a  50  pm  thick 
ribbon  of  Ni,  plated  with  a  deposit  of  10  pm  of  Cu)  was 
placed  on  the  surface  of  the  blocks  and  poles.  Copper  is 
used  as  a  means  of  conducting  the  return  current  flowing 
at  the  surface  of  the  blocks  thereby  minimizing  the  heat 
deposition.  Nickel  is  magnetic  and  maintains  the  sheet  in 
close  contact  with  the  pole  faces  without  any  corrugation 
(permanent  or  heatload  induced).  The  small  thickness  of 
Nickel  produces  a  negligible  reduction  of  the  undulator 
field.  At  both  upstream  and  downstream  extremities  of  the 
magnet  structures  flexible  transitions  are  installed.  These 
provide  a  smooth  transition  between  the  vertical  aperture 
of  the  adjacent  chambers  and  the  vertical  gap  in  the 
undulator  thereby  minimizing  any  impedance 
discontinuity  of  the  vacuum  chamber.  In  addition,  some 
RF  masks  are  placed  laterally  all  along  the  1 .6  m  long 
undulator  on  both  sides  of  the  magnet  structure  to 
minimize  the  penetration  of  high  order  RF  modes  into  the 
rest  of  the  vacuum  tank.  These  masks  are  equipped  with 
holes  to  provide  sufficient  pumping  conductance. 

2.3  Vacuum  System 

The  vacuum  tank  is  equipped  with  two  230  1/s  and  one 
400 1/sec  ion  pumps  as  well  as  two  Titanium  sublimators 
each  1000 1/sec.  Before  inserting  the  magnetic  assemblies, 
the  vacuum  tank  and  pumps  were  baked  at  200  °C  for  20 
days.  A  number  of  bake-outs  were  later  performed  with  the 
magnet  assemblies  in  place  at  a  maximum  temperature  of 
120  °C  for  several  days.  Fig.  2  shows  the  pressure 
recorded  in  three  places  inside  the  vacuum  system, 
normalized  to  the  circulating  ring  current  (mbar/mA),  as  a 
function  of  the  time  integrated  ring  current  (A.h).  Such 
plots  are  routinely  performed  at  the  ESRF  following  any 
replacement  of  a  vacuum  chamber.  As  a  result  of 
extensive  cleaning,  baking  and  pumping,  a  rapid 
conditioning  of  the  undulator  chamber  was  possible, 
thereby  making  it  immediately  available  to  the  users 
without  Bremsstrahlung  down  to  a  magnetic  gap  of  8 
mm. 

On  both  magnet  jaws,  some  coaxial  thermocouples 
were  fitted  on  the  flexible  upstream  and  downstream 
transition  sections  as  well  as  on  the  poles.  As  expected, 
the  highest  temperature  of  120  °C  was  observed  at  the 


junction  between  the  flexible  transition  and  the  magnet 
assembly.  However,  over  the  first  two  months  of 
operation  the  thermocouples,  placed  on  the  poles  at  1/3 
and  2/3  length  of  the  undulators,  never  exceeded  40  °C. 


2.4  Effect  on  the  electron  beam 


Due  to  a  lack  of  time,  it  was  not  possible  to  correct  and 
shim  the  magnet  structure  in  the  same  way  as  other 
conventional  undulators.  As  a  consequence,  a  residual 
field  integral  of  150  Gem  was  observed  and  later  corrected 
with  coils.  No  lifetime  reduction  was  detected  beyond  43 
hours  (8  hours)  when  the  magnetic  gap  was  reduced  to  6 
mm  (5  mm)  in  the  200  mA  2/3  filling  mode  (80  mA  16 
bunch  mode).  Due  to  a  heatload  limitation  in  the  front-end 
part  of  the  beamline,  the  minimum  gap  for  user  operation 
at  200  mA  has  been  left  for  the  moment  at  8  mm, 
however,  it  is  likely  that  it  will  be  reduced  to  6  mm  in  the 
near  future.  These  lifetime  observations  are  not  surprising 
since  the  lifetime  is  defined  by  two  scrapers  permanently 
closed  at  5  mm  during  the  user  mode  of  operation. 

2.5  X-Ray  Spectrum 

Fig.  3  presents  the  undulator  spectral  flux  computed  with 
SRW  [3]  for  a  gap  of  8  mm  and  6  mm.  Some  overlap  of 
the  harmonics  is  observed  due  to  the  small  horizontal  beta 
function  of  the  ring  lattice  at  the  source  (0.5  m)  which 
results  in  a  large  angular  spread  of  the  electron  beam.  An 
angular  spectral  flux  six  times  higher  and  narrower 
harmonics  are  expected  if  this  undulator  is  placed  on  an 
even  straight  section  where  the  horizontal  beta  function  is 
large  (36  m). 

Again,  due  to  a  lack  of  time,  an  unusually  large  phase 
error  was  left,  resulting  in  a  reduction  of  the  angular  flux 
per  unit  surface  on  the  peak  of  the  harmonics.  Compared 
to  an  ideal  undulator,  the  angular  flux  on  harmonics  1,3,5 
and  7  is  expected  to  be  0.97,  0.74,  0.6  and  0.5 
(respectively). 
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Figure  3:  Spectrum  through  a  0.1  x  0.1  mm  aperture 
located  at  40  m  from  the  source  computed  for  an  8  and  6 
mm  gap 

3  SPECIAL  IDS 

3.1  Three  Tesla  Wiggler 

A  3  Tesla  asymmetric  wiggler,  made  of  two  periods  of 
378  mm,  has  been  built  [4].  It  is  essentially  a  hybrid 
design  with  poles  made  of  VACOFLUX  50  and  magnets 
made  of  VACODYM  383HR.  The  magnetic  design  was 
made  in  3D  using  the  RADIA  code  [5],  The  measured 
peak  field  reaches  3.13  T  for  a  gap  of  1 1  mm  (see  Fig.  4) 
and  3.57  T  for  a  gap  of  6  mm.  The  advantage  of  such  IDs 
is  their  low  cost  compared  to  a  superconducting  magnet. 


Figure  4:  Field  Plot  of  the  3  Tesla  wiggler  measured  at  a 
gap  of  1 1  mm. 


3.2  Quasi  -Periodic  Undulator 

A  novel  and  simple  design  of  a  quasi-periodic  undulator 
has  been  tested  [6].  It  is  derived  from  a  conventional  pure 
permanent  magnet  undulator  design  by  shifting  a  few 
magnet  blocks  vertically.  Its  main  advantage  is  its 
simplicity  and  high  spectral  flux  per  unit  length.  A 
rejection  ratio  greater  than  8  (11)  has  been  observed  on 
harmonics  3  and  5.  With  the  experience  gained  from  this 
prototype,  a  54  mm  period  quasi-periodic  undulator  was 
designed,  and  is  now  undergoing  final  tests.  The 
fundamental  harmonic  of  this  device  covers  the  1-6  keV 
energy  range  with  a  large  suppression  of  harmonics  3  to 
9. 


3.3  Fast  Switching  Helical  Undulator 

A  new  fast  switching  linear/helical  undulator  has  been 
built  and  measured  [7].  The  vertical  field  of  this  ID  is 
produced  by  a  coil  and  a  laminated  iron  structure  while  the 
horizontal  field  is  produced  by  an  array  of  permanent 
magnets  located  between  the  poles.  The  spatial  period  is 
80  mm  and  its  length  is  1600  mm  with  a  peak  field 
around  0.2  Tesla.  A  fast  flipping  of  the  circular 
polarization  from  left  to  right  is  induced  by  reversing  the 
current  from  +  250  A  to  -  250  A  within  a  time  span 
which  can  be  as  short  as  6  ms.  Initial  tests  have  shown 
that  a  dichroism  signal  as  low  as  10 4  can  be  detected 
within  a  few  minutes  of  integration  time  [8].  This  device 
opens  many  new  scientific  opportunities. 
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Abstract 

The  field  integral  tolerances  required  on  third  generation 
synchrotron  sources  are  of  the  order  of  10-20  Gem  in  the 
whole  gap  range  of  an  insertion  device.  This  can  be 
achieved  without  electromagnet  correction  by  a  proper 
magnetic  design  of  the  field  termination.  The  paper 
describes  several  such  end  field  terminations  to  be  used 
for  planar  undulators.  A  new  termination  valid  for  an 
APPLE  II  undulator  is  presented  which  produces  a  field 
integral  variation  smaller  than  20  Gem  for  any  useful 
setting  of  the  magnetic  gap  and  phase  .  It  compares  quite 
favorably  with  other  known  type  of  terminations. 

1  INTRODUCTION 

An  ideal  insertion  device  must  not  perturb  the  closed  orbit 
and  the  dynamics  of  the  electron  beam  in  a  storage  ring 
for  any  value  of  the  magnetic  gap.  The  field  integral  is 
defined  as  a  function  of  the  transverse  coordinates  x  and  z 
as  : 

7  (I  \ 

I(x,z)=  \B{x,z,s)ds=  x  (1) 

L  .  \lz) 

The  derivative  of  the  field  integrals  vs.  x  and  z  must 
also  be  equal  to  zero.  The  second  field  integral  defined  as: 

J(x,  z)=  s')ds'jis  =  *  (2) 

must  also  be  equal  to  zero.  Two  kind  of  magnetic  errors 
are  in  general  responsible  for  non  zero  field  integral  in  real 
devices.  The  first  one  that  we  also  call  “random  errors” 
come  from  the  non-uniformity  of  the  magnetization  in  the 
blocks  and  from  positioning  errors  of  the  blocks.  Because 
they  are  largely  unpredictable,  this  type  of  errors  cannot 
be  taken  into  account  at  the  design  stage.  They  can  be 
reduced  with  adequate  choice  of  manufacturing  process  of 
the  permanent  magnets  such  as  die  pressing  method  and/or 
by  characterizing  magnetically  each  block  and  then  by 
sorting  and  pairing  the  blocks  in  order  to  cancel  the  field 
errors  introduced  by  each  blocks.  In  addition,  some  field 
integral  shimming  [1]  can  be  used  to  reduce  the  final 
errors.  The  second  type  of  error  that  we  call  “systematic 
errors”  originates  from  the  extremities  of  the  magnetic 
structure  where  the  field  periodicity  is  broken.  Experience 
shows  that  it  is  difficult  to  efficiently  correct  the 
systematic  errors  using  shimming  and  most  people  use 


correction  coils  (active  correction).  Nevertheless, 
systematic  errors  can  be  fully  predicted  and  to  some 
extent  corrected  using  a  3D  magnetostatics  computer 
code  (passive  correction).  In  the  particular  case  of  pure 
permanent  magnet  undulators,  the  non  unit  permeability 
of  permanent  magnet  materials  (NdFeB,  SmCo)  can  be 
responsible  for  a  non-zero  field  integral  generated  at  each 
extremity  of  the  undulator.  The  next  sections  present 
several  designs  of  passively  corrected  terminations  to  be 
used  with  either  planar  undulator  or  APPLE-II 
linear/helical  undulators. 

2  PLANAR  FIELD  UNDULATORS 

Figure  1  presents  a  3D  view  of  a  conventional  termination 
(type  A)  of  a  pure  permanent  magnet  undulator.  The 
structure  is  terminated  with  a  vertically  magnetized  half 
magnet. 


Figure  1 :  3D  view  of  a  conventional  termination  (type  A) 
of  a  pure  permanent  magnet  undulator  (lower  part  only). 

The  termination  of  type  A  shown  in  Figure  1  produces 
a  significant  variation  of  the  field  integral  as  a  function  of 
the  magnetic  gap  (see  Figure  4).  This  can  be  explained 
numerically  by  taking  into  account  of  the  non  unit 
permeability  and  the  anisotropy  of  the  magnetic  material. 
From  the  experience  made  with  blocks  from  various 
magnet  suppliers,  we  have  found  that  NdFeB  can  be 
magnetically  described  with  the  remanent  field  given  by 
the  supplier  and  a  linear  (transverse)  permeability  of  1 .06 
(1.17).  Two  special  end  field  structures  have  been 
designed  at  the  ESRF  using  the  code  RADIA  [2].  The  first 
one  called  “B”  is  shown  on  Figure  2.  It  is  derived  from 
type  A  by  adding  at  the  end  an  horizontally  magnetized 
block  which  longitudinal  dimension  (along  the  electron 
beam)  is  approximately  equal  to  3/20  of  the  undulator 
period  X0.  As  shown  in  Figure  4,  type  B  termination 
reduces  the  field  integral  variations  with  gap  by  a  factor 
4  to  5.  Nevertheless,  contrary  to  type  A,  it  does  not  allow 
the  proper  phasing  between  segmented  undulators. 
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Figure  2  :3D  view  of  a  termination  of  type  B. 

To  satisfy  both  requirements  of  negligible  field 
integral  variation  with  gap  and  phasing  between 
segments,  we  have  designed  and  implemented  the  type  C 
termination  shown  on  Figure  3. 


Figure  3:  3D  view  of  C  type  termination 


This  termination  includes  a  number  of  magnet  blocks 
with  smaller  horizontal  sizes,  some  of  which  have  an 
inclined  magnetization  with  respect  to  the  vertical  axis. 
This  termination  also  presents  the  advantage  that  an  air 
gap  of  6  mm  (for  a  42  mm  period)  is  left  between  two 
undulator  segments  while  preserving  the  correct  phasing 
for  any  useful  gap  value.  All  pure  permanent  magnet 
undulators  of  the  ESRF  include  terminations  of  type  B  or 
C  depending  on  the  phasing  requirements.  From  the 
reasons  explained  above,  Type  C  structure  is  the  preferred 
one.  It  has  been  implemented  to  undulator  periods 
ranging  from  20  to  42  mm. 


Figure  4:  Vertical  field  integral/extremity  computed  for 
terminations  of  type  A,  B  or  C.  The  undulator  period  is 
40  mm  and  the  magnet  are  made  of  NdFeB  .  The  crosses 
are  the  field  integrals  measured  on  an  existing 
termination. 


Figure  5:  Second  vertical  field  integral/extremity 
computed  for  the  terminations  of  type  A,B  and  C  .  The 
undulator  period  is  40  mm  and  the  magnet  are  made  of 
NdFeB  . 


3  APPLE  II  END  FIELD 
STRUCTURES 

Helical  undulators  based  on  the  APPLE  II  structure  [3] 
have  been  built  or  are  under  construction  in  a  number  of 
facilities  [4], [5], [6], (7]  and  at  the  ESRF.  These  devices  are 
pure  permanent  magnet  structures.  The  magnet  assembly 
is  split  into  four  magnet  arrays.  Two  magnet  arrays,  one 
of  the  upper  magnet  arrays  and  one  of  the  lower  magnet 
arrays  are  simultaneously  displaced  longitudinally.  The 
associated  motion  is  called  the  phasing  and  it  results  in  a 
change  of  the  circular  polarization  from  left  to  right  hand 
side.  Most  APPLE  II  undulators  built  in  the  world  are 
made  with  NdFeB  blocks  and  terminated  as  in  Figure  1 . 
The  non-unit  permeability  of  NdFeB  is  responsible  for 
some  residual  field  integrals  which  depends  on  both  the 
gap  and  the  phase  (see  [8]). 


Figure  7:  New  end  field  structure  for  APPLE  II  type 
helical  undulators. 

Recently,  a  modified  termination  structure  has  been 
designed  at  ELETTRA  for  the  construction  of  a  number 
of  APPLE  II  devices  [6].  This  type  of  termination  has 
been  optimized  to  produce  displacement  free  trajectory  and 
a  reduced  fringe  field  but  the  residual  field  integral  is  large 
and  the  operation  of  such  a  device  at  the  ESRF  would 
require  the  used  of  an  active  correction.  Figure  7  presents  a 
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novel  type  of  end  structure  which  greatly  reduces  the 
field  integral  variations  induced  by  both  the  gap  and  the 
phase.  It  essentially  consists  in  three  magnet  blocks 
placed  at  the  end  with  some  air  gaps.  For  a  70  mm  period 
and  NdFeB  material,  the  normal  block  dimensions  are  35 
x  35  x  17.5  mm  (horizontal  x  vertical  x  longitudinal). 
The  magnets  of  type  HL,  W  and  HW  (See  Figure  7)  have 
the  same  cross-section  but  a  different  longitudinal 
dimension  equal  to  11.7,  8.7  and  7.3  (respectively).  The 
air  gap  is  5  mm  (2  mm)  between  the  HL  and  W  (  W  and 
HW)  magnet  blocks.  The  two  air  gaps  have  been 
optimized  to  reduce  the  vertical  field  integral  dependence 
vs.  phase  shift.  Figure  8  presents  the  predicted  field 
integral  vs.  phase  of  the  three  type  of  extremities 
discussed  above.  They  are  all  computed  for  a  70  mm 
period  at  the  minimum  magnetic  gap  of  16  mm  assuming 
a  symmetric  (anti-symmetric)  configuration  of  the  vertical 
(horizontal)  field  components. 


ral  [G.cm] 

8  § 

_ 1 _ L_ 

-  .  -  -  ^ 

. Convent 

.  ELETTf 

- ESRF 

onal'\ 

IA 

§  50- 

c 

2 

*3  n  — 

■ - - 

•s  - 

2 

e  _5n 

V 

-100- 

N 

0  5  10  15  20  25  30  35 

Phase  shift  [mm] 


Figure  8.  Vertical  field  integral  vs.  phase  shift  for  an 
APPLE  II  undulator  equipped  with  different  field 
terminations.  The  period  is  70  mm,  the  gap  is  16  mm. 
The  magnet  blocks  are  made  of  NdFeB  and  the  vertical 
field  presents  a  symmetric  configuration  between  each 
extremity. 

A  complete  study  of  the  field  integral  vs.  gap  and  phase 
induced  by  the  new  termination  is  presented  in  Figure  9 
and  shows  a  maximal  variation  of  ±7  Gem  allowing  the 
removal  of  the  end  correction  coils. 

4  CONCLUSION 

By  making  use  of  a  3D  magnetostatics  code,  it  is  possible 
to  design  passively  corrected  terminations  for  the  planar 
and  APPLE  II  linear/helical  undulator.  Full  designs  have 
been  given  for  a  particular  period.  If  one  needs  to  design 
an  undulator  with  an  other  period,  one  can  scale  the 
longitudinal  and  transverse  dimensions  to  the  period  and 
obtain  a  reasonable  correction  but  a  short  re-optimization 
is  likely  to  further  improve  the  correction.  The  RADIA 
code  has  been  found  to  be  quite  efficient  for  this  task.  A 
single  structure  is  solved  and  the  field  integrals  are 
computed  within  30  seconds,  allowing  a  systematic  and 


automatic  investigation  of  a  large  number  of  magnet 
configurations.  The  ESRF  ID  group  is  presently  starting 
the  construction  of  several  helical  undulators  of  the 
APPLE  II  type  with  periods  of  38  and  88  mm.  In  both 
cases  a  termination  similar  as  that  of  Figure  7  has  been 
optimized  which  produces  a  maximum  field  integral 
variations  with  phase  and  gap  smaller  than  ±10  Gem. 
Note  that  RADIA  can  also  be  used  to  design  the 
termination  of  hybrid  undulators  and  wigglers  with  reduced 
field  integral  variations  with  gap.  Example  of  such  hybrid 
terminations  can  be  found  in  [9]. 


Figure  9:  Vertical  field  integral  vs.  phase  and  gap 
computed  for  the  new  termination  shown  in  Figure  7. 

5  REFERENCES 

[1]  J.  Chavanne,  P.  EHeaume,  Undulator  and  Wiggler  Shimming, 

Synchrotron  Radiation  News,  Vol.  8,  No.  1  ,  1995  ,  p  18-22 

[2]  O.  Chubar,  P.  Elleaume,  J.  Chavanne,  "A  3D  Magnetostatics 

Computer  Code  for  Insertion  devices”,  SRI97  Conference  August 
1997,  J.  Synchrotron  Rad.  (1998).  5,  481-484.  The  Radia  code  is 
freely  available  from  “http://www.esrf.fr/machine/support/ids/ 
Public/Codes/software.html” 

[3]  S. Sasaki  et  al.,  Nucl.  Instr.  Meth.  In  Phys.  Res.  A  331  (1993)  763- 

767. 

[4]  J.  Bahrdt  et  al.,  BESSY.  A  Double  Undulator  for  the  Production  of 

Circularly  Polarized  Light  at  BESSY  II ,  EPAC’  96  ,  Barcelone,  p. 
2538 

[5]  S.  Marks  et  al.,  The  advanced  light  source  elliptically  polarizing 

undulator.  PAC’97,  Vancouver,  p.  3221 

[6]  B.  Diviacco  et  al.,  Construction  of  elliptical  undulators  for 

ELETTRA,  EPAC’98,  Stockolm,  p.2216 

[7]  Ch.  Chang  et  al.,  Conceptual  design  for  SRRC  elliptically  Polarizing 

Undulator  EPU5.6.  EPAC’  96,  Barcelone,  p.  2567 

[8]  T.Bizen  et  al..  Fabrication  and  magnetic  field  measurements  of  an 

apple-2  variable  polarizing  undulator,  EPAC’98,  Stockholm,  p. 
2243 

[9]  J.  Chavanne,  P.  Elleaume,  P.  Van  Vaerenbergh,  Segmented  High 

Quality  Undulators,  Particle  Accelerator  Conference  PAC95, 
Dallas  May  1-5  1995.  Proceedings  p  1319-1321,  IEEE 
Publication,  New  Jersey 


2667 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


THE  90-mm  PERIOD  UNDULATOR  FOR  SRRC 

D.C.  Quimby,  S.C.  Gottschalk,  D.R.  Jander,  T.E.  DeHart, 
K.E.  Robinson,  *  A.S.  Valla, +  and  J.F.  Zumdieck 
STI  Optronics,  Inc.,  Bellevue,  WA  98004  USA 

Abstract 


The  U9/SRRC  undulator  has  recently  been  completed 
by  STI  Optronics,  Inc.  (STI)  for  use  at  the  Synchrotron 
Radiation  Research  Center  (SRRC)  in  Hsinchu, 
Taiwan,  R.O.C.  This  4.5-m  long,  90-mm  period 
wedged-pole  hybrid  undulator  builds  on  several  aspects 
of  previous  STI  designs  [1]  while  including  a  number 
of  significant  enhancements.  The  magnetics  are  based 
on  the  wedged-pole  geometry  [2]  with  additional  side 
magnets.  At  the  19-mm  minimum  gap  the  peak  field  is 
in  excess  of  1.28  T  with  less  than  3  degrees  of  optical 
phase  error.  The  magnetic  structures  are  mounted  on 
stainless-steel  strongbacks  and  are  connected  to  the  gap 
separation  structure  in  a  method  to  specifically  reduce 
optical  phase  errors.  The  magnetic  structure  is 
positioned  by  four  closed-loop  servomotors  within  cast 
aluminum  C-frames.  The  entire  structure  is  mounted 
onto  a  retraction  system  to  easily  move  away  from  the 
vacuum  chamber  for  servicing.  The  device  is  controlled 
by  a  real-time  VME-based  control  system  capable  of 
autonomous  local  and  remote  operation. 

1  DEVICE  DESCRIPTION 

Parameters  of  the  U9/SRRC  undulator  system  are 
summarized  in  Table  1 .  An  overview  of  the  undulator  is 
shown  in  Figure  1 .  The  gap  separation  structure  consists 
of  the  C-frame  necessary  to  support  the  magnetic 


structure  and  the  drive  train  for  adjusting  the  gap 
between  the  upper  and  lower  jaws  of  the  magnet 
structure.  The  range  of  motion  of  the  drive  train  allows 
for  a  minimum  gap  of  19  mm  and  a  maximum  service 
gap  exceeding  220  mm. 


Table  1:  U9/SRRC  Undulator  Parameters 


Length 

4.5  m 

Period 

90  mm 

Minimum  Gap 

19  mm 

Peak  Field  (max) 

1.28  T 

Spectral  Tuning  Range 

K  =  1.0  to  10.30 

Number  of  poles 

100 

1st  and  3rd  Harmonic 

Spectral  Intensity 

>95%  of  ideal* 
throughout  tuning 
range 

Gap  Encoder  Resolution 

1  n m 

Gap  Setting  Repeatability 

1  Ag  1  <5  //m  unidirect 
lAgl  <  lOjt/mbi-direct 

Maximum  Service  Gap 

>220  mm 

Weight 

9,050  kg 

Mount/Retractor 

Positioning  Repeatability 

<30  /an,  3-axes 

*  Ideal  spectrum  based  on  94  full  field  strength  poles 


STRONGBACKS 


C-FRAME  -v  ?. 

GAP  SEPARATION  \  ELECTRON 

STRUCTURE  \  BEAM 


LINEAR  GUIDE  SYSTEM 

-DRIVE  TRAINS  (PARTIALLY  HIDDEN) -> 


RETRACTION  SYSTEM 


DOWNSTREAM  END  VIEW 


FORCE  COMPENSATION  SPRINGS 


■FRONT  ELEVATION  VIEW 


Figure  1 .  U9/SRRC  Undulator. 


*  Presently  with  Lawrence  Berkeley  National  Laboratory 
+  Presently  with  AVALLA  Design,  Inc. 


0-7803-5573-3/99/$  1 0.00@  1 999  IEEE. 
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Four  servomotors  drive  precision  acme  lead-screws 
via  precision  enveloping-worm  gear  drives.  The  low- 
lead-error  acme  screws  assure  that  the  system  is  non- 
backdriving  so  no  motion  occurs  when  power  is  cut  to 
the  motors.  Coil  springs  acting  on  the  lower  strongback 
assure  that  the  drive  trains  are  loaded  unidirectionally 
over  the  entire  range  of  operation.  Travel  time  from 
minimum  to  maximum  gap  is  less  than  4  minutes  and 
the  gap  setting  repeatability  is  within  ±0.01  mm  bi¬ 
directionally.  The  drives  also  meet  a  unique  high- 
acceleration  requirement  for  a  0. 1  mm  gap  move  within 
0.5  sec.  Each  drive  is  independently  calibrated  in  order 
to  achieve  the  specified  position  at  its  respective  end  of 
each  jaw.  Thus  the  four  motors  allow  adjustment  and 
control  of  the  gap,  gap  centerline  shift,  and  gap  taper. 
Incremental  linear  encoders  and  absolute  rotary 
encoders  gauge  the  position  of  each  drive.  The  gap  at 
each  end  of  the  device  is  measured  directly  using 
absolute  linear  encoders.  Encoder  readings  are 
compared  continuously  to  monitor  for  inadvertent  jaw 
taper  during  motion.  While  jaw  taper  is  not  an  intended 
operating  condition  for  this  device,  the  strongback 
mounts  and  guides  allow  compliance  for  misalignments 
of  ±6  mm  and  ±3  degrees,  thus  avoiding  binding  and 
damage  in  the  unlikely  event  of  excessive  jaw  taper. 

The  C-shaped  support  structure  allows  the  undulator 
to  be  retracted  from  the  vacuum  chamber  with  minimal 
effort  and  without  breaking  vacuum.  The  undulator 
structure  is  supported  at  three  points  in  a  kinematic 
manner.  Approximately  equal  loading  occurs  at  each 
support  point.  Three-axis  adjustments  are  provided  for 
aligning  the  device  to  the  beam  line.  This  support 
system  includes  earthquake  restraint  and  a  motorized 
retraction  system  [3]  for  moving  the  undulator  away 
from  the  beam  line.  SRRC  requested  a  support  system 
allowing  the  undulator  to  be  retracted,  dismounted  from 
the  floor  supports,  removed  for  service  using  an 
overhead  crane,  reinstalled  on  the  floor  supports,  and 
moved  back  into  position  on  the  beam  line  without 
realignment.  Measurements  show  that  the  positioning 
of  the  kinematic  mount  and  retraction  system  is 
sufficiently  repeatable  that  the  device  maintains 
alignment  to  within  30  /Jm  in  all  axes  following  such  an 
operation. 

A  key  specification  for  this  device  is  that  the  on-axis 
spectral  intensity  in  the  first  and  third  harmonics  is  to 
be  within  90%  of  the  ideal  peak  value  at  all  gaps  over 
the  K  =  1  to  10.3  tuning  range.  To  achieve  this  the 
budgeted  variance  in  the  deflection  of  the  strongbacks 
is  limited  to  50  fan  peak-to-peak  (total  gap)  while  the 
magnetic  attractive  force  between  the  jaws  varies  from 
zero  and  12.5  metric  tons.  This  low  value  of  strongback 
deflection  is  accomplished  within  the  limited  available 
envelope  size  using  stainless-steel  material  together 
with  hangers  that  distribute  the  support  of  each 
strongback  to  four  points  rather  than  two. 


The  U9/SRRC  magnetic  structure  is  a  high-precision 
wedged-pole  hybrid  permanent-magnet  array  made  up 
NdFeB  magnets  and  vanadium  permendur  poles.  Side 
magnets  are  provided  to  increase  peak  field  without 
degrading  pole  saturation  or  transverse  roll-off.  The 
ends  are  terminated  with  partial  strength  and  partial 
volume  magnets  to  achieve  near-zero  displacement 
conditions  [4]  for  the  entrance  and  exit  electron 
trajectory  throughout  the  gap  tuning  range.  The 
measured  electron  trajectory  at  two  gaps  is  shown  in 
Figure  2.  Also  shown  are  corresponding  optical  spectra 
as  calculated  using  the  MA  code  [5].  The  undulator 
field  distribution  was  specifically  tuned  to  meet  third 
harmonic  spectral  requirements.  Over  much  of  the 
tuning  range  the  optical  phase  errors  are  less  than  2 
degrees,  so  that  the  peak  on-axis  spectral  intensity 
exceeds  90%  of  ideal  to  high  harmonics.  At  minimum 
gap  the  optical  phase  error  remains  less  than  3  degrees 
in  spite  of  the  effects  of  gap-dependent  strongback 
deflection. 

Table  2  lists  the  range  of  measured  first  and  second 
magnetic  field  integrals  and  other  integrated  higher- 
order  moments  at  all  gaps.  The  device  was  passively 
pre-tuned  at  the  STI  site  to  specifically  account  for  the 
ambient  field  at  the  SRRC  straight  section  and  the  gap- 
dependent  penetration  of  that  ambient  field  to  the  beam 
line.  Fully  passive  tuning  is  used  for  the  horizontal 
field,  Bx,  while  compensation  of  the  vertical  field,  By, 
is  supplemented  with  active  fixed-gap  saddle-coil  end 
correctors.  Rather  than  using  passive  tuning  for  the  By 
first  integral,  the  tuning  strategy  requested  by  SRRC 
was  to  passively  minimize  the  shift  of  the  optical  axis 
of  the  undulator  radiation  throughout  the  spectral 
tuning  range.  The  end  correctors  are  used  to  select  the 
angle  of  the  optical  axis  and  to  minimize  the  change  of 
the  first  integral  relative  to  the  ambient  value.  This 
places  the  peak  of  the  spectral  intensity  on  axis  and 
makes  the  undulator  as  transparent  as  possible  with 
regard  to  the  storage-ring  beam  dynamics. 


Table  2:  Measured  Beam  Dynamic  Quantities 


Quantity 

Specification 

Measurement 

First  Integrals 

Bx,  passive 

active  correction 

<50  G-cm 
<50  G-cm 

-5  to  13  G-cm 
-5  to  3  G-cm 

Second  Integrals 

Bs,  passive 

By,  active  correction 

<50,000  G-cm2 
<50,000  G-cm2 

<30,000  G-cm2 
<15,000  G-cm2 

Integr.  Normal  Moments: 
Quadrupole 

Sextupole 

Octupole 

<50  G 
<200  G/cm 
<300  G/cm2 

<24  G 
<7  G/cm 
<38  G/cm2 

Integrated  Skew  Moments: 
Quadrupole 

Sextupole 

Octupole 

<50  G 
<100  G/cm 
<300  G/cm2 

<37  G 
<1 1  G/cm 
<19  G/cm2 

A  Excludes  ambient  field  at  SRRC  site 
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The  VME-based  control  system  is  interfaced  directly 
with  the  SRRC  central  control  system  and  services  the 
functions  of  gap  motion,  corrector  current  tracking,  and 
interlock  monitoring.  Fiber-optic  data  links  are  used 
where  possible  for  noise  immunity  of  critical  encoder 
circuits.  The  interlocks  are  designed  for  multiple  levels 
of  defense  to  prevent  possible  damage  to  the  vacuum 
chamber  or  undulator.  The  levels  of  protection  include 


(1)  gap  command  limits,  (2)  software  limits,  (3) 
hardware  end-of-travel  limit  switches,  (4)  end-of-travel 
hardstops,  and  (5)  end-of-jaw  emergency-stop  switches. 
The  latter  disable  all  motion  independent  of  the  control 
system  if  the  jaws  come  too  close  to  the  vacuum 
chamber  or  to  each  other. 


(a)  g  =  19  mm,  K  =  10.3 

srrc500.ol  1.500  GeV  3  3  0.00  urod 

1001 - - - - - - - « - - - ' - - —  ■' " 


-tool 


0  200  400  600 

*  (cm) 


(b)  g  =  34  mm,  K  =  5.5 


SRRC509.O1  1.500  GeV  3  3  0.00  urod 


Figure  2.  Measured  electron  trajectories  and  calculated  spectral  intensity  at  gaps  =19  mm  and  34  mm. 


2  SUMMARY 

The  U9/SRRC  undulator  project  has  satisfied  a  number 
of  challenging  requirements  for  positioning 
repeatability  and  spectral  quality  in  a  long,  heavy 
device  with  large  magnetic  attractive  forces.  The  high- 
precision  undulator  retraction  system,  harmonic 
spectral  tuning,  and  pre-tuning  of  trajectory  for  ambient 
field  effects  prior  to  delivery  represent  significant 
accomplishments  for  commercially  available 
undulators. 
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Abstract 

A  132  pole  elliptically  polarizing  undulator  (EPU5.6) 
with  magnetic  period  of  5.6  cm  for  production  of  brilliant 
and  soft  x-rays  has  been  constructed  and  performed  the 
field  measurement  at  Synchrotron  Radiation  Research 
Center  (SRRC).  The  “Apple-II”  type  device  was  selected 
for  this  EPU5.6  structure.  The  key  factors  in  the 
construction  and  assembly  process  stage  will  be  described. 
In  addition,  the  shimming  algorithm  for  the  magnetic 
field  adjustment,  the  performance  of  the  mechanical 
structure,  magnetic  field  distribution  without  the  field 
shimming  will  be  presented  in  this  paper.  Meanwhile,  the 
control  performance  also  will  be  discussed. 

1  INTRODUCTION 

A  3.9-m  long  elliptical  polarized  undulator  EPU5.6  has 
been  constructed  and  field  shimming  was  done  for 
creating  a  high  quality  and  high  photon  flux  at  SRRC. 
Two  diagonal  magnet  arrays  were  fixed  and  the  other 
diagonal  arrays  were  free  to  be  moved  to  create  the 
right/left  circular  polarization.  Therefore,  this  EPU5.6  [1] 
was  only  used  for  producing  the  linear  polarized  on 
vertical/horizontal  and  the  right/left  elliptical,  circular 
polarization  light.  However,  if  the  two  fixed  arrays  are 
free,  it  can  also  create  the  linear  polarization  from  0°  to 
180°  [2],  When  it  is  operated  under  the  1.5  GeV  SRRC 
storage  ring,  it  will  radiate  80-1500  KeV  circularly  and 
elliptically  polarization  light  for  the  X-ray  Magnetic 
Circular  Dichroism  (XMCD)  experiments  or  other  photon 
absorption  experiment  to  analyze  the  magnetic  material. 

In  light  of  above  circumstances,  the  magnet  sorting  and 
shimming  technique  must  be  developed  to  maintain  the 
same  quality  of  field  and  spectrum  in  different  phasing 
modes  for  various  polarization  lights.  Consequently,  the 
magnetic  field  strength  of  By  and  Bx  can  be  obtained  by 
the  3-D  Hall  probe  measurement  system  [3]  to  correct  the 
trajectory  and  optical  phase  as  well  as  the  roll-off  of  each 
pole.  Meanwhile,  the  integral  field  strength  of  J  Byds  and 
jBxds  can  be  obtained  by  the  long- loop-coil  measurement 
system  with  the  dynamic  measurement  method  [4]  to 
modify  and  maintain  the  harmonic  field  components 
within  the  specification. 
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2  MECHANICAL  ASSEMBLY  AND 
ACCURACY  TESTING 

It  is  a  3.9-m  long  undulator  and  it  is  very  difficult  to  get  a 
high  mechanical  accuracy.  Therefore  it  is  very  important 
to  shim  field  for  the  field  quality  control.  In  addition,  the 
magnet  assembly  is  a  key  factor  to  maintain  a  good  field 
quality.  For  maintaining  a  high  quality  mechanical  system, 
two  arrays  of  the  diagonal  pair  were  fixed  and  the  other 
two  arrays  can  be  moved  to  change  the  phase. 

2.1  Magnet  block  assembly 

The  magnet  block  should  be  very  careful  to  be  assembled 
on  the  keeper  to  avoid  the  mechanical  error.  Each  magnet 
blocks  of  the  magnetized  direction  in  vertical/horizontal 
were  glued  on  the  individual  holder  by  the  epoxy. 
Meanwhile,  the  magnet  block  was  fixed  on  the  holder  by 
the  clamp  [1].  Finally,  the  holder  was  fixed  on  the  base 
plate  by  the  stainless  steel  screw.  This  assembly  process 
will  be  easy  to  create  the  mechanical  errors  that  are  the 
magnet  tilt,  horizontal  or  vertical  position  variation. 
These  errors  are  mainly  due  to  the  strong  clamping  force, 
which  is  very  difficult  to  be  controlled.  For  solving  this 
problem,  an  assembly  fixture  for  gluing  and  clamping  the 
block  on  the  keeper  is  necessary  for  each  block  assembly. 
Each  keeper  can  be  adjusted  in  horizontal/vertical 
position  on  the  base  plate  to  tune  the  magnetic  field. 

2.2  Support  system  and  backing  beam  assembly 

The  backing  beam  is  made  of  stainless  steel  and  the 
sliding  beam  is  made  of  aluminum.  Hence,  when 
assemble  the  sliding  beam  on  the  backing  beam  that  was 
fixed  on  the  C-frame,  the  different  thermal  expansion 
coefficient  on  the  bimetal  material  will  induce  a  large 
mechanical  distortion,  especial  on  the  long  undulator 
which  is  larger  than  2  m  long.  Therefore,  we  will  be 
careful  to  control  the  tunnel  temperature  within  0.5°C. 

2.3  Sliding  beam  of  the  driving  structure 

This  part  is  also  a  crucial  issue  for  the  field  quality  control 
when  change  the  phase.  If  the  sliding  beam  structure  on 
the  backing  beam  is  not  sufficient  rigid,  especially  the 
cross  roller  bearing  between  the  upper  or  lower  two 
arrays,  to  overcome  the  repulse  or  attractive  force 
between  the  four  arrays  on  the  different  phase.  The 
harmonic  integral  field  components  and  peak  field  will  be 
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changed  significantly  in  different  phase  position. 
Meanwhile,  the  sliding  beams  are  guided  by  linear 
bearings  that  travel  on  the  guide  rails.  These  assemblies 
of  these  guided  beams  between  the  sliding  beam  and 
backing  beam  will  be  very  careful  to  be  adjusted  to 
maintain  the  (1)  good  straightness,  (2)  parallel  between 
each  guide  rail,  and  (3)  the  phasing  direction  should  be 
parallel  to  the  backing  beam  surface  plane. 

2.4  Mechanical  performance 

Using  the  laser  interferometer  and  dial  gauge  in  different 
phase  position  and  gap  to  measure  the  mechanical 
performance.  The  1  mm  gap  variation  (The  gap  variation 
due  to  force  difference  on  different  phase  position) 
between  the  two  arrays  on  the  lower/upper  beam  can  be 
maintained  within  ±20  pm.  The  reproducibility  of  the 
phasing  and  gap  moving  can  be  controlled  within  ±1  pm 
by  the  feedback  control  system.  When  the  magnet  gap 
was  operated  in  both  direction,  open  and  close  loop,  the 
backlash  is  about  10  pm.  Temperature  difference  induce 
the  mechanical  distortion  error  (like  as  the  sag  distortion) 
of  the  backing  beam  will  be  0.03  mm/’C-m,  it  is  a 
significant  amount  to  induce  the  field  error  for  a  long 
undulator.  The  tilt  error  on  the  vertical  direction  that  is 
due  to  the  unparalleled  between  the  magnetic  field  axis 
and  the  phasing  axis  is  about  50  pm. 

3  FIELD  SHIMMING  ALGORITHM 

When  the  1-m  prototype  EPU5.6  was  completed,  we  have 
revised  a  little  about  the  shimming  algorithm.  We  apply 
the  shimming  code  to  correct  the  four  arrays  individually. 
And  then  combine  the  magnetic  field  distribution  of  each 
magnet  arrays  on  the  lower  or  upper  beam  by  means  of 
the  field  measurement  data  of  each  array  to  simulate  the 
optical  phase  and  trajectory  on  different  phase.  The 
simulation  method  is  to  combine  the  two  or  three,  even 
four  array  magnetic  field  strength  (Because  the  magnetic 
field  of  the  pure  magnet  structure  is  suited  to  use  the 
superposition  theorem).  For  the  simulation  purpose,  the 
field  measured  interval  distance  should  be  smaller  than  1 
mm  and  the  position  precision  should  be  within  few 
micrometers.  When  using  this  shimming  code  to  correct 
the  field  strength  deviation,  the  difference  of  average 
peak  field  and  half  period  integral  strength  between  the 
four  arrays  should  be  kept  within  0.5%  which  is 
corresponding  to  the  common  on-axis  field.  These 
simulation  results  will  give  us  which  pole  belongs  to 
whish’s  array  should  be  shimmed.  Finally,  the 
combination  of  the  four  magnet  arrays  to  simulate  the 
phase  error  and  the  trajectory  distribution  to  fine-tune  the 
field  error.  When  fine-tune  is  completely,  the  four  arrays 
were  assembled  on  the  sliding  beam  to  measure  the 
magnetic  field  distribution.  Based  on  the  field-measured 
results  and  the  shimming  algorithm  to  correct  the 
uncorrected  trajectory  and  phase  error,  which  are  induced 
from  the  mechanical  and  simulation  error  of  the  entire 


magnet.  Finally,  the  end  pole  was  used  to  tune  the  fringe 
field  effect.  The  trim  magnets,  which  are  located  at  the 
both  end  sides,  were  used  to  adjust  the  integral  multipole 
field  of  By  and  Bx.  Four  air  coils  located  at  both  ends  to 
correct  the  horizontal/vertical  axis  trajectory  (in  the 
up/down  stream)  and  offset  which  are  on  the  different 
polarization  mode. 

4  MAGNETIC  FIELD  MEASUREMENT 
AND  PERFORMANCE 

The  features  of  the  peak  magnetic  field  distribution  of  By 
and  Bx  are  measured  at  the  circular  polarization  condition 
and  revealed  in  Fig.  1,  which  was  measured  before  the 
magnetic  field  shimming. 


Figure  1:  The  magnetic  field  distribution  of  By  and  Bx 
along  the  longitudinal  axis.  Here  exist  a  phase  difference 
7t/2  between  By  and  Bx. 


The  scale  of  the  roll-off  range  of  the  ABy(x,y)/By(0,0)  and 
A  Bx(x,y)/Bx(0,0)  at  the  circular  polarization  condition  are 
measured  and  shown  in  Fig.  2  and  3.  These  figures  reveal 
that  the  roll-off  range  seems  very  short  at  the  circular 
polarization  condition,  especially  in  the  vertical  axis.  If 
the  field  strength  deviation  was  kept  within  +0.5%,  the 
roll-off  range  in  the  vertical  axis  is  about  ±1.2  mm  of  the 
vertical 


Figure  2:  The  roll-off  range  of  the  magnetic  field 
distribution  of  By  and  Bx  without  shimming  along  the 
transverse  x-axis. 


2672 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Y-axis  (mm) 

Figure  3:  The  roll-off  range  of  the  magnetic  field 
distribution  of  By  and  Bx  without  shimming  along  the 
vertical  y-axis. 

field  Byand  ±0.8  mm  of  the  horizontal  field  Bx(See  in  Fig. 
3).  If  the  field  strength  deviation  was  kept  within  ±0.25%, 
the  roll-off  range  in  the  horizontal  axis  is  about  ±10  mm 
of  the  vertical  field  Byand  ±1  mm  of  the  horizontal  field 
Bx  (See  in  Fig.  2).  This  roll-off  range  is  much  smaller  than 
the  convention  undulator.  Such  a  short  roll-off  range  is 
the  crucial  issue  of  the  “Apple  II”  structure,  especially  the 
roll-off  range  of  horizontal  field  Bs.  Due  to  the  problem, 
the  real  magnet  center  should  be  aligned  accurately  to  be 
in  the  electron  closed  orbital  plane  of  the  storage  ring. 
Otherwise,  the  photon  flux  will  decrease  much  more.  Fig. 
2  also  shows  that  the  roll-off  region  is  big  difference  on 
each  pole.  Therefore,  it  is  a  big  trick  task  to  correct  the 
roll-off  of  each  pole  on  the  entire  magnet  to  be  within 
0.5%,  especially  in  the  horizontal  axis. 

The  integral  field  deviation  on  different  phase  and  gap  are 
also  measured  and  revealed  in  Fig.  4  and  5.  Measurement 
results  show  that  the  on-axis  integral  field  strength  was 
changed  on  different  phase,  but  the  variation  of  integral 
strength  By  and  Bx  can  be  maintained  within  70  Gem  (see 
in  Fig.5).  Meanwhile,  integral  field  variation  and  the 
profile  of  Bx  in  the  central  region  (within  ±10  mm)  on 
transverse  axis  also  maintain  within  100  Gem  in  different 
gap  (see  in  Fig.4).  But  the  vertical  integral  field  was 
changes  much  more  than  the  horizontal  field  (see  in 
Fig.4).  This  big  variation  can  be  controlled  within  100 
Gem  by  the  end  pole  and  trim  magnets  adjustment. 

5  CONCLUSION 

Until  now,  the  field  features  without  any  field  shimming 
of  this  undulator  seems  not  too  bad.  However,  we  have 
found  several  problems,  (1)  Mechanical  stability  is  very 
difficult  to  be  controlled  in  such  a  long  backing  beam, 
especial  in  a  bimetal  combination  of  the  backing  beam 
and  sliding  beam  (This  factor  will  produce  the  0.3  mm 
mechanical  distortion  of  each  backing  beam),  (2)  The 
horizontal  phase  moving  plane  is  not  parallel  to  the 
magnetic  field  axis  (about  40  pm),  (3)  the  peak  field  and 
integral  strength  variation  of  each  pole  and  half  period 
have  a  big  difference  between  the  different  phase  (The 
rms  field  strength  deviation  will  increase  from  0.3%  to 


0.8%).  These  problems  should  be  solved  in  the  near 
future. 


Figure  4:  Integral  field  strength  and  profile  on  the 
transverse  axis  in  different  gap  without  shimming.  Phase 
was  fixed  at  the  circular  polarization  condition. 


The  different  phase  at  gap=18mm 


Figure  5:  Integral  field  strength  and  profile  on  the 
transverse  axis  in  different  phasing  position  without 
shimming.  Gap  was  fixed  at  the  minimum  gap  of  18  mm. 


6  ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  the  National  Science 

Council  of  Taiwan  under  the  contract  No.  NSC88-2112- 

M-213-008.  Director  C.T.  Chen  (SRRC)  and  Dr.  J.R. 

Chen  (SRRC)  are  appreciated  for  supporting  this  project. 

7  REFERENCES 

[1]  C.H.  Chang,  et  al,  “Optimization  design  for  SRRC 
elliptically  polarizing  undulator”,  present  in  MT-15 
(1997). 

[2]  C.S.  Hwang,  Shuting  Yeh,  “Various  polarization 
features  of  a  variably  polarized  undulator  with 
different  phasing  modes”,  Nucl.  Instr.  and  Meth. 
A420  (1999)29-38. 

[3]  C.S.  Hwang,  et  al.,  “Advanced  Field-Measurement 
Method  with  Three  Orthogonal  Hall  Probes  for  an 
Elliptically-Polarizing  Undulator”,  J.  Synchrotron  Rad. 
(1998).  5, 471-474. 

[4]  C.S.  Hwang,  et  al.,  “The  long  loop  coil  measurement 
system  for  the  insertion  device”,  Asia  Particle 
Accelerator  Conference  (APAC’98),  Japan,  1998. 


2673 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

ZERO-DISPLACEMENT  END  TERMINATION  OF  UNDULATORS  AND 

WIGGLERS 

S.C.  Gottschalk,  D.C.  Quimby,  K.E  Robinson* 

STI  Optronics,  Inc.,  Bellevue,  WA  98004  USA 

♦Presently  with  Lawrence  Berkeley  National  Laboratory. 

Abstract 


One  of  the  more  challenging  aspects  of  hybrid  permanent 
magnet  undulator  design  is  end-field  termination.  Klaus 
Halbach  provided  indication  of  correct  excitation  patterns 
for  tapered  wigglers',  but  implementation  on  hybrid 
undulators  has  proven  more  difficult.  Initial  results  on 
APS  undulators  achieved  complete  passive  gap 
dependence  of  both  total  residual  angle  and  trajectory 
through  the  device,  but  with  an  entrance  displacement.2 
We  have  further  refined  the  end  field  termination  system 
by  employing  both  partial  volume  and  partial  strength 
magnets.  This  achieves  an  entrance  field  configuration 
that  maximizes  the  number  of  full  strength  poles  without 
entrance  or  exit  displacement,  independent  of  the 
magnetic  gap.  This  is  all  achieved  with  passive 
compensation  techniques.  End  pole  tuning  is  then  used  to 
correct  small  (0.2%)  deviations  in  the  measured  versus 
calculated  end  field  steering.  We  present  the  design 
approach  and  results  of  five  devices  that  have  used  this 
configuration. 

1  INTRODUCTION 

There  have  been  a  number  of  end  field  termination 
methods  proposed.  STI  has  used  partial  strength  end 
magnets  since  1986, 3  as  well  as  partial  strength  and 
reduced  height  poles  for  the  ID’s  delivered  to  APS. 
Halbach4  proposed  variable  excitation  ends  for  tapered 
wigglers,  ALS  extended  this  to  include  rotatable  end 
magnets5  and  ESRF6  has  used  adjustable  positioning  of  the 
initial  poles  as  well.  One  challenge  has  been  to  come  up 
with  a  design  which  maximizes  the  number  of  spectrally 
useful  poles  without  also  displacing  the  trajectory  off  axis. 

We  first  demonstrated  zero  displacements  ends  on  the 
fixed  gap  TJNAF  2.2cm  period  IR  FEL  undulator  in 
1997. 7  Two  dimensional  analyses  indicated  that  zero 
displacement  designs  would  be  gap  independent.  This  was 
confirmed  experimentally  on  55mm  and  33mm  period 
APS  Undulator  A  ID’s.  We  made  several  improvements 
to  the  design  for  the  U9  device. 

Heating  magnets  to  reduce  their  field  strength  hampered 
our  initial  attempts  to  model  end  fields.  We  found  that 
some  magnets  would  cause  a  300  G-cm  steering  change 
when  the  dipole  strength  of  the  first  magnet  was  reduced 
from  90%  to  80%,  but  other  magnets  would  cause  no 
steering  change  at  all.  The  reason  is  that  reducing  the 
dipole  strength  by  heating  always  makes  the 
magnetization  nonuniform.  The  open  circuit 
demagnetization  of  a  magnet  has  larger  demagnetizing 
fields  at  the  center  of  the  magnet  than  the  edges.  When  the 


magnet  is  heated  to  reduce  it’s  dipole  moment,  the  center 
portion  suffers  a  larger  irreversible  magnetization  loss 
than  the  edges.  We  tried  heating  magnets  in  a  closed 
circuit  configuration  because  then  the  entire  magnet  is  at 
the  same  operating  point.  This  failed  because  such  high 
temperatures  were  needed  that  the  plating  came  off  the 
magnets  before  we  were  even  able  to  reduce  their  strength 
10%.  We  have  found  that  the  best  method  is  to  simply 
reduce  the  magnet  volume. 

There  was  a  trade-off  made  between  maintaining  a  large 
number  of  spectrally  useful  poles  at  all  gaps  and  trajectory 
displacement.  Our  early  APS  end  field  designs  maximized 
the  number  of  useful  poles  at  minimum  gap,  but  at  the 
expense  of  a  large  trajectory  displacement.  At  the  request 
of  APS  we  changed  the  design  to  favor  low  displacement, 
but  three  poles  were  made  partial  strength.  It  was  not 
possible  to  achieve  both  a  large  number  of  useful  poles 
and  small  trajectory  displacements  if  only  the  strength  of 
the  1st  magnet  and  height  of  the  Is1  two  poles  were  varied. 
Another  adjustment  was  needed:  varying  more  magnet 
strengths  was  found  to  be  sufficient. 

2  DESIGN  METHOD 

There  were  two  explicit  goals  in  the  end  field  design:  1) 
zero  trajectory  displacement  and  2)  maximize  the  number 
of  spectrally  useful  poles  over  the  spectral  tuner's  range. 
We  achieved  both  goals  by  adjusting  the  volume  of  the  Is1 
magnet  and  the  strength  of  the  2"J  and  3"1  magnets. 

Earlier  end  field  analyses2  showed  that  2D  FEA  could 
be  used  for  trajectory  displacement  calculations  even  in 
the  presence  of  3D  effects  such  as  non-zero  entrance 
angles.  The  design  approach  we  followed  was  to  use  2D 
FEA  for  initial  determinations  of  the  magnet  strengths. 
Refinements  like  changing  the  volume  of  the  magnet  were 
then  added  as  needed.  Finally  we  confirmed  the  design 
with  a  10  pole  3D  FEA. 

The  following  description  is  for  an  example  designused 
for  the  U9/SRRC  undulator.8  We  show  in  Figure  1  a 
correlation  of  trajectory  displacement  at  K=10  and  K=1 
for  a  set  of  7  different  combinations  of  end  magnet 
volumes  and  strengths.  There  is  a  clear  linear  correlation 
between  small  and  large  gap  trajectory  displacements.  A 
zero  displacement  end  will  not  change  by  more  than  500 
G-cm2  over  a  very  wide  gap  tuning  range.  This  is  not  true 
for  non-displacing  ends:  for  example  a  20,000  G-cm2  end 
at  K=10  will  become  an  18,100  G-cm2  end  at  K=l. 
Clearly  it  will  be  sufficient  to  design  the  end  at  only  one 

gap- 
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Figure  1.  Linear  regression  of  trajectory  displacement 
at  g  =  18  mm  against  g  =  90  mm. 

Both  the  trajectory  displacements  as  well  as  the  peak 
field  values  are  linear  in  the  volume  of  the  1“  magnet 
and  the  strengths  of  the  2nd  magnet.  We  chose  to  keep 
the  clamped  surface  of  the  Is1  magnet  at  the  same 
location  as  all  the  other  magnets  but  to  vary  its  vertical 
height.  After  the  5“  pole,  the  remaining  poles  were 
insensitive  to  details  of  the  ends.  It  was  found  that  there 
were  an  infinite  number  of  zero  displacement  ends.  The 
only  condition  was  that  the  height  of  the  Is1  magnet 
varies  linearly  with  the  strength  difference  between  the 
3"*  and  2nd  magnets,  see  Figure  2.  Imposing  a 
requirement  on  the  3"*  peak  gave  a  unique  solution.  The 
optimization  result  is  shown  in  Figure  3.  The 
combination  in  which  the  3"'  magnet  is  95%  of  full 
strength  can  achieve  zero  displacement,  but  the  3"1  and 
4111  peaks  are  imbalanced.  Making  the  3"1  magnet  full 
strength  gave  peak  values  of  100%,  99.91%  and 
99.86%  for  poles  3,  4  and  5  respectively.  The  dipole 
strength  dispersion  needed  to  achieve  this  was  9.5%. 
We  decided  to  reduce  the  strength  of  the  2”d  magnet  to 
90.5%  by  heating  since  such  a  small  strength  reduction 
should  not  produce  any  large  magnet  inhomogeneities. 


Figure  2.  Zero  trajectory  displacement;  entrance 
conditions  on  h  and  8m,  gap  =18  mm,  K  =  10. 


Figure  3.  Relative  peak  field  srengths  of  3rd  and  4dl  poles 
from  end  zero  trajectory  displacement,  gap=18  mm, 
K=10. 

3  RESULTS 

The  calculated  end  field  and  trajectory  using  2D  FEA  is 
shown  in  Figure  4.  The  final  part  of  the  analysis  was  to 
include  side  magnets.  A  side  magnet  that  is  attached  to 
a  pole  will  steer  the  e-beam  very  strongly,  especially  on 
the  ends.  The  3D  FEA  prediction  was  that  a  side 
magnet  at  the  2nd  pole  would  cause  xxx  G-cm  of 
steering,  but  reducing  the  side  magnet  strength  to  50% 
would  eliminate  the  steering.  We  placed  side  magnets 
on  one  side  of  the  upper  and  lower  poles  to  give  a  50% 
steering  effect  without  causing  any  changes  in  normal 
or  skew  multipoles.  Experimental  confirmation  of  the 
end  design  for  K=10  and  K=1  are  shown  in  Figure  5. 


Final  End  Field  Profile 
gap  =  18mm 
K  =  10 


Figure  4.  Field  profiles  and  trajectory 
for  final  end  field  configuration. 
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(a)g=  19mm,K=  10.3 


(b)  g  =  34  mm,  K  =  5.5 


srrc500.o1  1.500  GeV  3  3  0.00  urod 


SRRC509.O1  1.500  GeV  3  3  0.00  urod 


Figure  5.  Measured  electron  trajectories  and  calculated  spectral  intensity  at  gaps  =  19  mm  and  34  mm. 


4  CONCLUSION 

We  have  demonstrated  that  gap  independent  zero 
displacement  end  fields  can  be  achieved  by  varying  the 
strength  of  the  initial  magnets.  The  design  was  chosen 
to  produce  a  large  number  of  spectrally  ^useful  poles.  At 
minimum  gap  (K=10)  only  two  poles  at  each  end  were 
not  spectrally  useful  while  at  a  large  gap  (K=l)  only 
three  poles  were  not  useful.  We  are  investigating  the 
feasibility  of  further  improvements  if  the  shapes  and/or 
locations  of  the  last  few  poles  are  varied  as  well.  The 
design  goal  would  be  to  maintain  resonance  over  as 
many  poles  as  possible. 
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Abstract 

The  magnetic  design  of  the  recently  completed  SRRC-U9 
undulator  system  employs  several  enhancements  to 
improve  its  performance.  Side  magnets  to  increase  on- 
axis  field  augment  the  wedged-pole1  magnet  geometry. 
Partial  volume  and  partial  strength  end  magnets  and 
tuning  bars  achieve  a  zero-displacement,  rapid  turn-on, 
end-field  configuration.2  Gap  dependent  normal  and  skew 
component  ambient  (earth)  field  compensation  has  been 
included  in  the  design.  The  design  includes  hot  active  and 
passive  end  correction.  Optical  phase  and  trajectory 
shimming  techniques  have  been  employed  to  optimize 
performance.  For  k=10  the  performance  is  greater  than 
80%  of  ideal  through  the  seventh  harmonic.  At  a  K=6.4 
the  calculated  spectral  performance  is  greater  than  80% 
through  the  thirteenth  harmonic.  A  complete  battery  of 
magnetic  measurements  has  fully  established  the  field, 
spectral  and  beam  dynamic  characteristics  of  the 
undulator. 


1  INTRODUCTION 

This  paper  describes  the  magnetic  design  of  the  U9 
undulator.3  It  is  a  wedged  pole  hybrid  planar  insertion 
device  built  for  the  Synchrotron  Radiation  Research 
Company  located  in  Hsinchu,  Taiwan,  R.O.C.  A  detailed 
discussion  of  the  magnetic  design  method  that  we  use  has 
been  described  elsewhere.4  This  device  had  three  new 
features:  1)  side  magnets  which  were  added  to  increase 
the  peak  field,  2)  non-displacing  entrance  and  exit  built 
by  using  partial  strength  and  reduced  volume  end 
magnets  and  3)  pre-tuning  to  remove  ambient  field 
differences  between  the  STI  Optronics  site  in  Seattle, 
Washington,  and  SRRC. 

2  CENTRAL  FIELD 

Wedged  poles  hybrids  were  used  to  generate  the  high 
fields  required  by  SRRC  with  20%  less  magnet  volume 
than  a  straight  pole.  In  addition,  wedged  magnets  were 
small  enough  to  permit  single  piece  fabrication,  unlike 
straight  sided  magnets.  An  isometric  view  of  a  quarter 
period  cell  is  shown  in  Figure  1.  The  wedge  angle, 
chamfers  and  magnet  recess  were  chosen  to  remove 
saturated  parts  of  the  pole,  reduce  demagnetizing  fields, 
allow  sufficient  space  for  tuning  shims  and  control  higher 
field  harmonics.5  The  design  approach  was  conservative: 
low  remanence  magnets  were  used  for  peak  field 


estimates  but  high  remanence  was  used  for  pole 
saturation,  transverse  rolloff  and  parts  tolerancing.  This 
had  two  ramifications:  1)  side  magnets  are  needed  for 
field  strength  margin,  and  2)  pole  transverse  width  was 
increased  to  8.0cm  to  keep  the  transverse  rolloff  small 
(0.035%  at  ±10  mm  was  calculated),  in  the  event  that 
stronger  magnets  were  delivered  by  the  vendor. 

Adding  side  magnets  reduced  transverse  flux  leakage  to 
0.5%  without  degrading  the  transverse  rolloff,  changing 
field  harmonics  or  reducing  the  pole  permeability.  For 
ease  of  fabrication  we  selected  a  side  magnet  that 
increased  the  field  strength  5.2%.  Larger  side  magnets 
could  have  increased  the  field  by  8%.  While  the  side 
magnets  did  have  clamps,  the  lack  of  a  transverse 
overhang  caused  them  to  be  so  strongly  attracted  to  the 
poles  that  special  tooling  was  needed  to  remove  them 
during  end  field  adjustment.  Our  simulated  annealing 
magnet  sorting  algorithm  was  modified  to  include 
steering  and  multipole  moments  that  can  be  created  by 
side  magnets.  Only  a  small,  easily  removed  quadrupole 
was  observed  on  the  untuned  device.  When  side  magnets 
are  properly  sorted,  they  do  not  appear  to  degrade  field 
errors. 


Table  1 :  Comparison  of  magnet  predictions 
with  measured  performance. 


Quantity 

Specification 

MAGNET  FEA 

Experiment 

Peak  field,  g=18mm 

1.245  T 

1.365  T 

1.365  T 

Transverse  rolloff  at  10mm 

<0.1% 

0.035% 

0.037% 

3rt  Harmonic  content 

<10% 

5.8% 

5.8% 

- Primary  Magnet 


Side  Magnet 


Q 


View3D  5.2.3 


Figure  1 :  Isometric  view  of  quarter  period  cell. 
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3  AMBIENT  FIELD 

Hybrid  ID’s  can  modify  any  ambient  fields  that  are 
present  causing  gap  dependent  changes  in  beam  dynamics 
which  could  require  retuning  the  device  at  the  new 
location.  The  following  hypothetical  example  illustrates 
the  point.  Site  A  has  a  0.2  Gauss  ambient  while  site  B  has 
a  0.6  Gauss  ambient.  The  ID  450cm  long  and  has  no  1“  or 
2nd  integral.  Normal  field  enhancement  is  about  1.8  at 
minimum  gap.  For  site  A  the  ambient  field  inside  the  ID 
is  increased  to  1. 8*0.2  =  0.36  Gauss  and  the  1“  integral 
changes  by  (0.36-0.2)*450=72  G-cm  while  the  2nd  has 
changed  by  16,200  G-cmA2.  The  same  ideal  ID  is  moved 
to  site  B.  Now  the  1st  integral  changes  by  216  G-cm  as  the 
gap  is  varied  and  the  2nd  integral  will  appear  to  change  by 
48,600  G-cmA2.  We  analyzed  these  effects  in  advance 
and  pre-tuned  the  device  for  the  ambient  field  at  SRRC. 
When  we  arrived  at  SRRC  we  found  that  the  normal  and 
skew  integrals  agreed  to  within  10  G-cm. 

It  is  intuitively  clear  that  at  a  small  gap  the 
ferromagnetic  poles  will  shunt  any  skew  ambient  fields 
away  from  the  e-beam  and  leave  no  on-axis  skew  field. 
Skew  shunting  will  decrease  as  the  gap  is  opened  until  it 
becomes  absent  for  an  infinite  magnetic  gap.  Skew 
shunting  is  shown  in  Figure  2  where  almost  complete 
skew  shunting  can  be  seen  at  small  gaps. 

In  the  normal  field  direction,  the  field  lines  that  would 
have  gone  through  the  magnets  are  shunted  into  the  high 
permeability  poles  which  leads  to  an  overall  normal  field 
enhancement  at  small  gaps.  The  field  profiles  for  several 
gaps  are  shown  in  Figure  3.  Skew  and  normal  field 
effects  after  wiggle  period  averaging  are  summarized  in 
Figure  4. 


Figure  2.  Skew  field  shunting  at  ends  vs  gap; 
gaps  =18  mm  to  140  mm 
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Figure  3.  Normal  field  enhancement  at  ends  vs  gap; 
gaps  =  18  mm  to  140  mm 


Figure  4.  Gap  dependence  of  centerline  shunting 
effects,  normal  and  skew  fields. 


4  AIR  GAP  END  CORRECTORS 

The  U9  device  is  equipped  with  normal  field,  fixed  gap, 
air  core  end  correctors  shown  in  Figure  5.  If  SRRC  needs 
to  actively  point  the  photon  beam,  use  of  the  control 
software  can  energize  the  correctors  in  a  gap  dependent 
manner.  The  coils  have  49  turns  and  a  rectangular  shape 
with  the  steering  legs  are  placed  at  ±30  degrees  from 
vertical  to  eliminate  sextupole  moments.  There  is  some 
loss  in  efficiency  due  to  fringe  fields  being  shunted  into 
the  first  pole.  The  correctors  did  not  introduce  any 
significant  multipole  moments  at  their  maximum  currents 
of  10  amps.  There  are  no  skew  field  end  correctors. 
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Figure  5.  Air  gap  end  corrector  photo. 

5  STRONGBACK  SHAPING  TO  REDUCE 
GAP  DEPENDENT  PHASE  ERRORS 

For  the  U9  device  there  is  a  12.5  metric  ton  variation  in 
the  attractive  force  between  minimum  and  maximum 
gaps.  Strongback  deflections  under  magnetic  loads  will 
cause  local  gap  variations  which  leads  to  a  reduced 
spectral  brightness.  Spectral  analyses  for  a  collection  of 
25  previously  built  ID’s  having  periods  from  1.8cm  to 
8.5cm  and  K=11.9  to  0.5  were  used  to  test  the  Walker 
phase  error  model.6  The  model  did  an  excellent  job  of 
predicting  the  average  harmonic  intensity  loss  caused  by 
phase  errors.  This  allowed  us  to  predict  phase  errors 
based  on  local  gap  variations  due  to  strongback 
deflections  vs  gap. 

The  ideal  situation  is  to  eliminate  any  deflection  by 
using  large,  heavy  strongbacks.  For  U9  there  were  overall 
height  and  weight  restrictions.  We  used  stainless  steel 
strongbacks  rather  than  aluminum  and  devised  a  new  4 
point  beam  hanger  system  to  reduce  the  deflection  to  25 
microns.  This  produced  the  gap  dependent  phase  error 
variation  of  2  degrees  which  would  produce  a  1 .0%  loss 
in  3"1  harmonic  intensity. 

Experimental  phase  error  plots  showed  that  strongback 
deflection  under  load  was  responsible  for  almost  all  of  the 
non-ideal  spectral  performance.  The  remaining  spectral 
error  sources  were  several  micron  gap  dependent  tapers 
(<0.5  degrees)  and  field  errors. 


6.  CONCLUSION 

The  SRRC/U9  met  all  magnetic  requirements.  It  used  side 
magnets  to  increase  the  on-axis  field  without  any 
performance  degradation.  Ambient  field  correction 
succeeded  in  predicting  changes  to  1st  and  2nd  integrals 
and  internal  trajectories  due  to  gap  dependent  difference 
in  the  ambient  fields  at  STI  and  SRRC.  The  Walker  phase 
error  model6  was  verified  on  an  ensemble  of  25  APS  ID’S 
having  =  18  mm  through  85  mm  and  was  used  to 
specify  strongback  deflection. 
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Abstract 

ELETTRA  is  presently  operating  six  insertion  devices, 
including  an  electromagnetic  elliptical  wiggler.  Stimulated 
by  the  increasing  interest  in  variable  polarization  sources, 
a  series  of  new  elliptical  undulators  has  been  designed  to 
provide  linear,  circular  and  elliptical  polarization  in  a  wide 
spectral  range.  One  of  them  will  feature  a  quasi-periodic 
field  in  order  to  reduce  contamination  from  high  order 
harmonics.  A  chicane  arrangement  is  foreseen  in  one 
straight  section  of  the  ring  so  that  two  experimental 
stations  can  be  operated  simultaneously.  Two  identical 
undulator  segments,  together  with  a  phase  modulation 
electromagnet,  will  be  used  in  an  optical  klystron 
configuration  for  the  storage  ring  FEL  project.  We  present 
the  construction,  testing  and  magnetic  measurement 
results  of  the  first  undulator  of  this  kind  (EU6.0).  Progress 
with  the  other  devices  is  also  described. 

1  INTRODUCTION 

Six  variable  polarization  undulators  are  presently  under 
construction,  whose  main  parameters  are  listed  in  Table  1 
below.  For  the  60  mm  period  device  (EU6.0)  the  actually 
measured  field  strengths  are  shown,  which  agree  well  with 
the  initial  design  values  [1]. 


Table  1 :  Field  strength  and  K  values  of  the  new  undulators 


perio 

d 

(mm) 

Np 

Horizontal 

Polarization 

Circular 

Polarization 

Vertical 

Polarization 

B0 

K 

B0 

K 

B0 

K 

48 

44 

0.57 

2.58 

0.29 

1.30 

0.33 

1.51 

60 

36 

0.78 

4.41 

0.42 

2.39 

0.51 

2.87 

77 

28 

0.91 

6.56 

0.53 

3.85 

0.65 

4.69 

100 

20 

1.01 

9.45 

0.63 

5.85 

0.78 

7.27 

125 

17 

0.78 

9.06 

0.47 

5.48 

0.60 

7.04 

All  the  undulators  are  of  the  APPLE  type  [2], 
consisting  of  four  arrays  of  permanent  magnets,  two  of 
which  can  be  longitudinally  shifted  in  order  to  change  the 
polarization  state. 

2  EU6.0  UNDULATOR 

The  undulator  was  originally  assembled  on  a  modified 
support  structure  equipped  with  two  translation  units  for 
the  polarization  control.  Initial  measurements  showed 
significant  deflection  of  the  supporting  arrays,  due  to  the 
large  forces  acting  between  the  adjacent  row  of  magnets. 


For  this  reason  the  I-beams  were  locally  stiffened  to 
reduce  their  deformation  under  magnetic  load.  The 
undulator  was  finally  re-assembled  in  January  this  year. 
The  measured  magnetic  field  in  the  horizontal,  circular 
and  vertical  polarization  modes  is  shown  in  Figure  1 . 


Figure  1:  Measured  field  distribution  at  19  mm  gap  in  the 
horizontal  (upper),  circular  (middle)  and  vertical  (lower) 
polarization  modes.  Solid  line  =  By,  dotted  line  =  Bx. 


The  peak  field  variation  with  gap  and  phase  was  found 
to  be  in  good  agreement  with  model  calculations  (see 
Figure  2)  taking  into  account  the  actual  shape  of  the 
blocks  and  the  effect  of  non  unit  permeability  of  the 
magnetic  material. 
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Figure  2:  Measured  (dots)  and  computed  (lines) 
deflection  parameters  as  a  function  of  gap  (g) 
and  phase  (Zs).  Solid  lines  =  KY,  dotted  lines  = 

K*. 

The  transverse  field  distribution,  as  predicted  by  model 
calculations,  showed  a  significant  reduction  of  Bx  off-axis 
(Figure  3).  The  poor  homogeneity  of  the  field  introduces 
new  problems,  compared  to  the  conventional  vertical  field 
undulators,  with  implications  for  the  magnetic 
measurements  (alignment  of  the  measuring  probes)  and 
for  the  proper  installation  of  the  magnet  in  the  storage  ring 
(alignment  with  the  electron  beam). 
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Figure  3:  Measured  (dots)  and  computed 
(lines)  transverse  field  profiles. 

The  measured  first  field  integrals  showed  a  significant 
variation  of  Iy  with  the  phase  (see  Figure  4),  larger  than 
for  the  7-period  prototype  assembled  last  year  [1],  The 
reason  for  this  discrepancy  is  not  presently  understood; 
however,  a  set  of  correction  coils  placed  at  both  ends  of 
the  device  will  provide  compensation  of  the  field  integrals 
at  any  gap  and  phase. 


Figure  4:  Measured  variation  of  field  integrals 
with  phase  at  19  mm  gap,  without  any 
correction. 


Multipole  errors  were  dominated  by  a  phase- 
independent  integrated  quadrupole  of  about  300  G. 
Attempts  to  use  the  conventional  shimming  method  [3]  to 
reduce  it  failed  because  of  the  strong  dependence  of  the 
shimming  effect  on  the  phasing  of  the  arrays.  An 
alternative  method  was  therefore  developed,  based  on 
selective  vertical  displacements  of  a  few  magnetic  blocks. 
The  effect  on  the  field  integral  is  in  this  case  phase- 
independent  and  could  be  used  to  effectively  remove  the 
quadrupole  error.  Figure  5  shows  the  vertical  field  integral 
distribution  before  and  after  the  correction.  A  total  of  4 
blocks  were  moved  by  between  0.2  and  0.3  mm,  with  a 
corresponding  reduction  in  useful  magnetic  gap  of  only 
0.6  mm. 


Figure  5:  Measured  vertical  field  integral  distribution 
before  (dotted  line)  and  after  correction  (solid)  (gap=19 
mm,  A=0). 


Simultaneous  reduction  of  the  first  and  second 
horizontal  field  integrals  was  also  achieved  by  this 
procedure,  as  can  be  seen  in  Figure  6,  which  shows  the 
electron  trajectory  before  and  after  the  block  displacement 
was  applied. 


-1600  -1000  -  500  0  600  1000  1600 

Z  (mm) 

Figure  6:  Computed  electron  trajectory  before  (dotted 
line)  and  after  correction  (solid)  (gap  =19  mm,  Zs  =0,  E=2 
GeV). 

The  residual  multipole  errors,  obtained  by  a 
polynomial  fit  of  the  transverse  distribution  of  lx  and  Iy 
over  a  range  of  ±20  mm,  are  shown  in  Table  2.  The  skew 
quadrupole  component  is  difficult  to  correct  with  the 
methods  described  above,  however  its  magnitude  is  within 
the  maximum  tolerable  value  specified  for  the  ELETTRA 
insertion  devices.  Note  how  the  errors  decrease  rapidly 
with  the  gap,  possibly  an  indication  of  inhomogeneity  of 
magnetization  which  becomes  less  important  when  the 
distance  from  the  blocks  is  increased. 
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Table  2:  Measured  normal  (N)  and  skew  (S)  integrated 
quadrupole  and  sextupole  errors  after  correction 


gap 

zs 

Qs 

ss 

Qn 

sN 

(mm) 

(mm) 

(G) 

(G/cm) 

(G) 

(G/cm) 

19 

-20 

-129 

-9 

13 

206 

19 

-10 

-105 

-40 

-34 

150 

19 

0 

-61 

-67 

-15 

90 

19 

10 

-50 

-71 

43 

57 

19 

20 

-104 

-47 

76 

139 

30 

0 

-51 

-14 

-7 

26 

50 

0 

-33 

13 

1 

-1 

The  uncorrected  rms  optical  phase  error  is  shown  in 
Table  3.  Spectral  performance  deteriorates  rapidly  as  we 
move  away  from  the  horizontal  polarization  mode,  with  a 
S1*1  harmonic  reduced  to  45%  of  the  ideal  intensity  in  the 
worst  case. 


Table  3:  Rms  phase  error  in  different  polarization 
modes  at  19  mm  gap,  before  and  after  phase  error 
correction 


Zs 

(mm) 

polarization 

mode 

Oo  (°) 
before 
shimming 

<M°) 

after 

shimming 

-20 

circular 

6.0 

4.9 

-10 

elliptical 

4.6 

4.2 

0 

horizontal 

4.5 

2.3 

10 

elliptical 

7.2 

2.6 

20 

circular 

10.0 

4.8 

The  conventional  phase  shimming  technique  was  not 
applicable  in  this  case.  The  usual  distinction  between  V 
and  H  shims  [4]  is  complicated  by  the  fact  that  in  both 
types  a  field  integral  is  generated  which  changes  with  the 
phasing  between  the  arrays.  Therefore  a  new  method  was 
developed,  in  which  the  basic  shimming  unit  consists  of  4 
shims  placed  on  two  consecutive  horizontally  magnetized 
blocks  (see  Figure  7).  In  this  way  the  net  effect  on  the 
field  integral  is  cancelled  within  the  unit,  and  the 
remaining  effect  is  a  step  change  of  the  optical  phase 
function. 


Figure  7:  Shimming  unit  used  for  phase  error  reduction 


A  further  complication  is  that,  due  to  the  varying  field 
distribution  across  the  shims,  they  move  on  the  surface  of 
the  magnets  as  the  phasing  reaches  one  half-period 
(vertical  polarization  mode).  For  this  reason  the  shims  will 
be  permanently  glued  in  their  final  position  by  means  of  a 
thin  layer  of  epoxy  resin. 

As  usual,  a  simulated  annealing  algorithm  is  used  to 
find  the  optimal  position  and  thickness  of  the  shims.  The 
resulting  rms  phase  error,  after  applying  9  shimming  units 
of  thickness  between  0.2  and  0.4  mm,  is  shown  in  the  last 
column  of  Table  3.  Improvement  is  significant,  bringing 
5th  harmonic  intensity  to  not  less  than  85%  of  the  ideal 
value.  As  expected,  no  change  is  introduced  on  the  first 
field  integral  distributions. 

3  FUTURE  DEVELOPMENTS 

Based  on  the  positive  results  obtained  in  the  correction  of 
the  quadrupole  error  of  the  EU6.0  undulator,  a  new  block 
holder  (See  Figure  8)  has  been  designed  for  the  next 
devices,  which  will  allow  both  horizontal  and  vertical 
displacement  of  the  blocks  from  their  nominal  position, 
with  increased  potential  for  multipole  error  control. 


Figure  8:  Block  holder  for  the  EU12.5  undulator. 


At  present  the  magnetic  blocks  for  the  EU12.5  and 
EU10.0  undulators  are  in  the  final  manufacturing  stage; 
the  support  structures  are  also  under  construction  and 
assembly  of  the  next  magnet  is  due  to  start  in  a  few 
months. 
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Abstract 

The  control  system  of  the  insertion  devices  (IDs)  at  the 
Photon  Factory  storage  ring  (PF  ring)  has  been  renewed 
in  accordance  with  the  high-brilliance  project  of  the  PF 
ring.  It  consists  of  a  workstation  and  VME  systems, 
which  are  linked  to  dedicated  user  PCs  in  the  SR 
experimental  hall.  Each  user  of  the  IDs  can  change  the 
magnetic  gap  independently  by  accessing  this  workstation 
during  their  SR  experiment.  The  closed-orbit  affected  by 
changing  the  gap  is  corrected  using  correction  magnets 
system  located  at  both  ends  of  each  ID.  The  vertical 
fluctuation  of  the  gradients  of  the  photon  beam  axis  is 
suppressed  to  less  than  2|irad. 

1  INTRODUCTION 

In  the  Photon  Factory  storage  ring  (PF  ring;  2.5  GeV), 
five  permanent-magnet  insertion  devices  (IDs)  are  in 
operation,  namely  Undulator  U#02;  multi-pole  wiggler 
MPW#13,16;  revolver  Rev#19;  and  elliptical  multi-pole 
wiggler  EMPW#28.  Table.l  lists  their  main  parameters. 
Each  ID  had  been  controlled  by  an  individual  personal 
computer  (ID-PC)  to  change  the  magnetic  gap  and  to 
correct  the  closed-orbit  distortion  (COD).  The  ID-PCs 
had  been  placed  beside  a  ring  control  room.  Users  of  IDs 
had  called  up  a  ring  operator  to  change  the  gap  for 
choosing  the  photon  energy  during  their  SR  experiments. 


This  control  system  of  the  IDs  has  been  renewed  in 
accordance  with  reconstruction  for  the  brilliance¬ 
upgrading  project  of  the  PF  ring  [1].  This  new  control 
system  has  one  workstation  for  the  IDs  (ID-WS)  and  five 
VME  systems.  Each  of  the  VME  systems  performs  the 
same  role  as  that  of  the  ID-PC.  It  controls  both  the  gap- 
controller  of  the  ID  and  the  steering  magnets  system  for 
the  COD  correction,  using  the  GPIB  interface.  The  ID- 
WS  controls  these  VME  systems  and  communicates  with 
them  through  the  local-area  network  (LAN).  Figure  1 
shows  a  schematic  view  of  the  new  control  system  of  the 
IDs.  A  terminal  for  the  man-machine  interface  (MMI) 
placed  in  the  ring  control  room  displays  all  status  of  the 
IDs  at  every  moment.  From  this  MMI  terminal,  the  ring 
operator  can  control  all  IDs  and  steering  magnets  directly 
sending  requests  to  the  ID-WS. 


Table  1 :  Main  parameters  of  the  IDs 


Name 

operation 

mode 

Xu 

(cm) 

N 

Km  ax 

U#02 

6 

60 

2.3 

MPW#13 

18 

13 

25 

MPW#16 

12 

26 

16.8 

Rev#19 

A 

5 

46 

1.3 

B 

7.2 

32 

2.7 

C 

10 

23 

5 

D 

16.4 

14 

9.5 

EMPW 

#28 

elliptical 

MPW 

16 

21 

Kx  :0.3 
Ky:15 

helical  U 

(Kx=Ky ) 

linear  U 

'  Email:  tsuchiya@mail.kek.jp 


Figure  1:  Schematic  view  of  the  new  control  system  of 
the  insertion  devices. 

Each  beam  line  of  the  IDs  has  a  dedicated  PC  terminal, 
which  has  permission  to  access  the  ID-WS.  Users  can 
send  requests  to  the  ID-WS  for  changing  the  gap  through 
network  communication.  When  the  ID-WS  has  received  a 
service  request,  it  judges  the  condition  for  changing  the 
gap  by  checking  the  operation  status  of  the  PF  ring.  In  the 
case  of  the  enabled  condition,  the  VME  system  executes 
the  command  from  the  ID-WS.  After  changing  the  gap, 
the  result  is  reported  to  the  user’s  PC  and  the  MMI.  Also, 
information  concerning  the  present  gaps  of  every  ID  is 
open  to  the  public  on  a  Web  page  [2].  The  logging  data 
for  gap  changes  are  saved  in  a  database  of  the  PF  ring. 

This  new  control  system  of  the  IDs  had  been  developed 
in  the  MPW#13  as  the  first  case.  Operation  of  the  new 
control  system  in  the  MPW#13  was  started  in  February, 
1998.  The  control  systems  for  the  U#02  and  EMPW#28 
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were  unified  to  the  new  control  system  in  October,  1998. 
The  remaining  systems,  for  the  MPW#16  and  Rev#  19, 
will  be  unified  in  March,  1999.  The  system  for  Rev#  19  is 
being  developed  by  the  Institute  of  Materials  Structure, 
University  of  Tokyo. 

2  THE  COD  CORRECTION  FOR  THE  IDS 

2.1  System 

For  the  users  of  IDs,  it  is  important  to  vary  the  photon 
energy  freely  by  changing  the  gap  during  their  SR 
experiments.  This  is  the  meaning  of  independent  tuning 
of  the  IDs.  However,  a  closed-orbit  is  sometime  affected 
by  changing  the  gap,  which  causes  a  fluctuation  of  the 
photon-beam  axis  at  all  beam-lines.  To  suppress  this 
fluctuation  by  changing  the  gap,  a  COD  correction  has 
been  made  simultaneously  by  the  steering  magnets 
system  located  at  both  ends  of  each  ID.  Each  of  the  VME 
systems  has  a  corrective  current  data  table  for  the  steering 
magnets  over  the  entire  operating  range  of  the  gap.  These 
current  data  tables  for  the  steering  magnets  of  all  IDs 
have  been  taken  for  independent  tuning  before  the  user 
operation.  The  VME  reads  the  present  gap  and  sets  a 
suitable  current  repetitively  for  changing  the  gap.  The 
typical  speed  of  changing  the  gap  of  ID  is  20  mm/min, 
and  the  correction  frequency  is  7Hz  in  the  case  of 
MPW#13. 

The  steering  magnet  can  generate  an  integral  magnetic 
field  up  to  2000  Gauss-cm  either  in  the  horizontal  or 
vertical  direction,  coupled  with  a  12-bits  DC  power 
supply  (HP6633A).  A  permalloy  has  been  adopted  as  the 
core  material  of  the  magnet  in  order  to  reduce  the 
remnant  magnetic  field  as  much  as  possible  and  to  obtain 
reliable  reproducibility. 

2.2  Acquisition  of  corrective  data 

The  PF  ring  has  several  operation  modes  besides  the 
nominal  2.5  GeV  operation,  such  as  3  GeV  operation. 
When  the  orbit  of  the  electron  beam  is  changed  according 
to  the  operation  mode,  all  correction  data  tables  of  the 
IDs  are  refreshed  before  user  SR  experiments  in  order  to 
satisfy  the  condition  for  independent  tuning  of  the  IDs. 
The  new  data-acquisition  program  in  the  ID-WS  searches 
these  corrective  current  data  so  as  to  fit  the  closed-orbit  to 
the  standard  one  by  the  least  mean-squares  method  over 
the  operating  range  of  the  gap  step  by  step.  To  obtain 
information  about  the  beam  position,  a  program  to  collect 
corrective  data  can  use  the  new  beam-position  monitor 
(BPM)  system  of  the  PF  ring  [3]  or  the  photon-BPM 
(PBPM)  in  the  beam  line  [4], 

The  system  of  the  BPMs  was  also  renovated 
accompanying  reconstruction  of  the  PF  ring.  The  number 
of  new  BPMs  is  65  and  the  frequency  of  the  COD 
measurement  is  50Hz.  The  relative  accuracy  of  the 


measured  beam  position  is  less  than  5pm.  The  averaged 
data  of  the  BPMs  during  one  second  have  been  sent  to  the 
data-storage  area,  the  so-called  Data  channel  (DCh),  in 
the  shared  memory  of  the  server  workstation  [5],  The  ID- 
WS  can  read  the  BPMs  data  accessing  to  the  DCh,  and 
calculates  the  optimum  corrective  current  both  the 
horizontal  or  vertical  direction.  To  search  for  vertical 
corrective  current  data,  four  PBPMs  at  the  beam  lines 
(BL04,  06,  12,  21)  are  available. 


2.3  Results  of  a  COD  correction 

The  corrective  current  data  for  the  present  closed  orbit 
with  an  emittance  of  36  nm-rad  was  adjusted  using  the 
new  BPM  system  for  both  the  vertical  and  horizontal 
directions.  During  the  measurements,  development  of  the 
new  control  system  for  the  IDs  was  underway.  Thus,  for 
acquiring  corrective  data,  the  program  of  the  old  control 
system  for  the  IDs  was  used,  which  was  modified  so  as  to 
use  the  new  BPM  data  in  the  DCh.  The  program  iterated 
the  correction  of  the  beam  position  at  the  selected  three 
BPMs  until  the  differences  from  the  standard  position  had 
been  reduced  to  less  than  10pm.  Figure  2  shows  typical 
results  of  the  COD  correction  during  the  change  in  the 
gap.  The  examples  are  for  the  case  of  U#02  and  MPW#13. 


(a)  U#02  horizontal  (b)  U #02  vertical 


(c)  MPW#13  horizontal 


Serial  BPM  number 


Figure  2:  The  results  of  the  COD  correction  for  the  IDs. 
(circles:  correction  ON,  crosses:  correction  OFF) 
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The  horizontal  and  vertical  r.m.s.  displacements  at  the 
BPMs  are  plotted  during  a  change  from  the  minimum  gap 
to  the  maximum  gap.  The  displacements  after  a 
correction  have  been  reduced  to  less  than  10|im  all 
around  the  ring  in  the  both  directions.  The  results  are  the 
same  in  the  cases  of  the  other  IDs.  Because  the  time 
needed  to  measure  one  of  these  data  is  about  10  minutes, 
which  is  limited  by  the  speed  of  changing  the  gap,  these 
data  of  the  displacements  involve  both  the  drift  of  the 
electron  beam  and  the  fluctuation  due  to  the  errors  of  the 
BPMs.  Figure  3  shows  a  comparison  between  the 
measured  displacements  with  a  correction  and  the 
background  drift  in  the  vertical  direction.  The  COD 
corrections  for  the  gap-changing  work  to  suppress  the 
fluctuation  of  the  closed-orbit  within  the  twice 
comparisons  with  that  of  the  orbit  in  the  steady  state. 


0  10  20  30  40  50  60  70 

Serial  BPM  number 

Figure  3:  The  comparisons  of  the  vertical  fluctuations 
(r.m.s)  of  the  orbit,  (circles:  the  background  drift,  crosses: 
the  case  of  U#02  ,  squares:  the  case  of  MPW#13) 

The  reliability  of  the  corrective  data  was  checked  using 
four  PBPMs  located  in  the  beam  lines:  BL04,  06,  12  and 
21,  respectively.  The  fluctuation  data  in  the  vertical  SR 
beam  positions  of  the  PBPMs  was  recorded  using  chart 
recorders.  Most  of  the  fluctuations  remained  within  the 
range  of  20pm  from  the  standard  position,  which 
corresponds  to  an  axial  gradient  of  2prad.  A  change  in  the 
gap  beyond  this  range  is  allowed  only  just  after  the 
injection,  so  as  to  change  the  operation  mode  of  the 
Rev#19  or  the  EMPW#28.  The  conformation  of  the 
corrective  data  using  PBPMs  is  always  performed  after  a 
long  shutdown  of  the  PF  ring. 

In  practical  operation  of  the  PF  ring  for  user 
experiments,  the  fast  (10Hz)  global  feedback  system 
works  in  order  to  stabilize  the  fluctuation  of  the  vertical 
orbit  [6],  Thus,  the  vertical  orbit  fluctuation  during  a 
change  in  the  gap  should  be  more  reduced  by  using  the 
feedback  system  simultaneously  during  the  period  of  user 
experiments. 


2.4  Improvement 

The  average  time  to  take  one  corrective  data  set  was 
about  2  hours.  It  was  reduced  to  half  compared  with  the 
case  of  using  the  old  BPM  system.  However,  the  total 
time  required  to  take  data  for  all  IDs  was  still  several  days. 
A  curtailment  of  the  time  for  data-acquisition  is  one  of 
the  important  subjects  for  the  new  control  system.  A  test 
of  the  new  program  in  the  ID-WS  to  collect  corrective 
data  was  performed  well  and  efficiently  at  MPW#13 
using  the  new  BPM  system  for  both  the  vertical  and 
horizontal  directions.  The  new  corrective  data-acquisition 
system  will  be  commissioned  in  April,  1999. 

On  the  other  hand,  12  new  PBMPs  were  installed  in  the 
PF  ring  by  the  SR  monitor  group.  Commissioning  of  the 
new  PBPM  systems  is  underway.  The  ID-WS 
communicates  to  the  workstation  for  the  new  PBPM 
systems  in  order  to  obtain  more  information  about  the 
vertical  SR  positions.  To  utilize  the  additional  new 
PBPMs  systems,  we  will  improve  taking  corrective  data 
and  checking  it  more  carefully. 


3  SUMMARY 

The  new  control  system  for  the  IDs  at  the  PF  ring  has 
been  developed  and  operation  of  the  system  has  started. 
The  fluctuation  of  the  electron  beam-position  due  to 
changing  the  gap  is  suppressed  to  less  than  10pm  for 
independent  tuning  of  the  IDs. 
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Abstract 

OPHeLIE,  the  first  electromagnetic  Onuki-type 
undulator  has  been  installed  on  the  0.8  GeV  storage  ring 
Super-ACO  in  February  1998.  It  consists  in  two  identical 
9-period  crossed  overlapped  undulators  whose  magnetic 
fields  (up  to  0.12  T)  are  produced  by  conventional 
electromagnets.  This  insertion  device  is  able  to  produce 
any  kind  of  polarization  in  the  VUV  range  with  a 
potential  polarization  switching  rate  of  1  Hz. 
Measurements  of  focusing  and  closed  orbit  distortion 
show  a  very  good  agreement  with  magnetic 
measurements.  A  compensation  scheme  has  been 
developped  in  order  to  make  the  operation  of  the  insertion 
device  as  user-friendly  as  possible.  First  results  obtained 
on  photon  beam  are  very  promising.  Photon  energy 


calibration,  flux  optimization  and  polarization 
measurements  are  in  progress. 

1.  INTRODUCTION 

OPHeLIE  (Onduleur  Plan/Helicoidal  du  LURE  a 
Induction  Electromagnetique)  [1]  is  the  first  Onuki-type 
undulator  to  be  installed  on  a  storage  ring  operating  as  a 
user  facility  (Fig.  1).  This  implies  some  severe  constraints 
on  the  design  and  operation  of  such  an  insertion  device  in 
terms  of  non  perturbation  of  other  users.  This  is  especially 
true  if  one  considers  the  rather  fast  possible  polarization 
switching  at  a  speed  of  1  Hz  owing  to  its  unique  fully 
electromagnetic  nature.  We  will  present  here  the  results  of 
the  magnetic  measurements  and  the  effects  on  the 
positron  beam. 


Fig.  1 .  View  of  one  part  of  OPHeLIE  in  Super-ACO. 


2.  MAGNETIC  DESIGN 
AND  CONSTRUCTION 

The  device  consists  in  two  fixed-gap  crossed 
overlapped  undulators :  a  H-und.  (resp.  V-und.),  which 
produces  a  horizontal  field  (resp.  vertical  field). 
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The  V-und.  can  be  translated  along  the  longitudinal 
direction  z.  A  <|)  =  90°  phase  corresponds  to  a  62.5  mm 
translation  of  V-und.  Each  undulator  is  made  of  9  periods 
with  K  =  250  mm  and  2  main  poles  per  period.  The 
electromagnetic  technology  was  chosen  for  its  versatility 
of  polarization  switching  (with  a  bipolar  power  supply). 
The  maximum  field  induction  is  produced  both  in  the 
horizontal  (0.12  T)  and  vertical  (+0.12T)  planes  at 
|Imax|  =  210A.  Entrance  and  exit  correctors  have  been 
designed  [2]  to  center  the  positron  trajectory  in  OPHeLIE. 
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This  antisymmetric  correction  is  realised  with  the  help  of 
two  sets  of  correcting  coils  (il  and  i2  currents)  located  on 
the  two  first  (resp.  the  two  last)  poles  of  the  device 
(Fig.  2).  These  end  poles  were  designed  as  small  as 
possible  in  order  to  maximize  the  number  of  periods. 
Furthermore,  each  main  pole  is  equipped  with  an 
additional  compensation  coil  (ic  current)  (Fig.  2)  able  to 
compensate  for  a  peak  field  spread  up  to  5  %  [3].  Finally, 
these  coils  have  been  used  to  compensate  for  the  residual 
field  integral  introduced  by  dephasing. 


3.  MAGNETIC  MEASUREMENTS 

Magnetic  measurements  were  performed  by  Sigmaphi 
and  LURE,  using  a  Hall  probe  (Fig.  3  and  Table)  and  a 
Pulsed  Wire  Technique  (PWT)  installed  by  LURE  [4]. 

Due  to  the  low  saturation  of  the  main  poles,  the  peak 
field  has  a  perfect  linear  dependance  with  the  main 
current  I.  When  the  V-und.  dephasing  varies,  the 
interaction  with  horizontal  poles  results  in  mutual  flux 
capture.  This  leads  to  both  an  increase  of  the  peak  field 
value  and  in  the  appearance  of  a  residual  field  integral. 

In  order  to  avoid  any  photon  beam  displacement  during 
the  vertical  field  switching,  the  positron  beam  has  to  be 
centered  inside  the  insertion.  The  small  size  of  end  poles 
induces  saturation  and  implies  a  complete  calibration  of  ii 
and  i2  over  the  whole  main  current  range  of  both 
undulators.  The  PWT  [5]  was  used  for  this  purpose 
because  it  provides  a  fast  measurement  of  the  2nd  field 
integral  and  allows  to  adjust  quickly  the  correction 
currents  (Fig.  4). 

Central  positions  and  angles  of  the  trajectories  (Fig.  4) 
remain  within  the  tolerances  :  ±  40  pm  and  ±  40  prad.  In 
order  to  compensate  for  the  saturation  effect  in  poles  2 


and  21,  a  simple  variation  law  was  chosen  for  i2  (Fig.  5). 
The  double  "S"  curve  (V-und.)  shows  how  the  hysteresis 
effect  changes  il  adjustments.  A  similar  behaviour  was 
found  for  the  H-und. :  a  ”U"  curve  in  the  0-200  A  range. 

Finally,  all  the  above  characteristics :  low  peak  field 
dispersion,  low  saturation  in  main  poles  and  identity  of 
the  undulators  were  confirmed  by  the  tests  on  photon 
beam.  An  example  is  shown  in  figure  6.  The  spectral  flux 
is  centered  at  7  eV  for  several  combinations  of  main 
currents  (K  =  cste). 

4.  EFFECTS  ON  POSITRON  BEAM 

-Closed  orbit  correction  for  <j>  =  0 :  il  and  the 
compensation  current  on  end  pole  #  20  (i20)  were 
optimized  in  order  to  limit  the  closed  orbit  excursion  to 
less  than  0.1  mm  in  both  planes  everywhere  in  the 
machine.  The  agreement  with  magnetic  measurements  is 
better  than  6  %  for  the  two  undulators  (Fig.  5).  Presently, 
average  curves  allow  faster  operation  with  good  orbit 
correction. 

-  Closed  orbit  correction  for  ()>  *  0 :  As  predicted  by 
magnetic  measurements,  the  dephasing  between  the  two 
undulators  modifies  the  field  integrals.  The  defects, 
located  at  one  end  of  each  undulator,  depend  on  both  the 
main  current  and  the  phase  and  have  opposite  signs  for 
opposite  phases.  Compensation  coils  (poles  3-4-18-19) 
have  been  used  to  compensate  for  these  defects.  An 
empirical  law  was  found  in  order  to  limit  closed  orbit 
excursions  to  less  than  0.5  mm  [4].  The  dynamic  feedback 
system  on  beam  position  [6]  will  then  completely  cancel 
the  residual  distortion. 

-  Additional  focusing :  Each  of  the  two  undulators 
introduces  additional  focusing  in  its  magnetic  field  plane 
and  a  parasitic  focusing  in  the  perpendicular  plane 
depending  on  the  transverse  field  homogeneity  [4].  The 
experimental  tune  variation  with  main  current  for  the  V- 
und.  (measured  after  closed  orbit  correction)  is  given  on 
figure  7.  The  agreement  with  magnetic  measurements,  in 
terms  of  peak  field  value  and  transverse  homogeneity,  is 
very  good  for  both  undulators.  The  working  point  of 
Super-ACO  is  located  near  coupling  resonance,  in  order 
to  maximize  vertical  beam  size  and  Touschek  lifetime. 
Then,  rather  small  tune  shifts  must  be  compensated  to 
avoid  beam  size  variations.  A  fast  feedback  on  tunes  [7] 
will  be  used  during  OPHeLIE's  operation. 


IbJ 

oBq/  Bq 

AB/Bn  =  fix) 

B„  =  fil) 

A  B/B„  =  f(<|)) 

H-und. 
and  V-und. 

0.12  T 
@  210  A 

0.4% 

6  %  @  10  mm 

5.84  10"4  T/A 
r  =  0.999 

0.08%/ deg. 

5.  CONCLUSION 

OPHeLIE,  the  first  entirely  versatile  crossed  undulator 
in  the  VUV  was  successfully  installed  on  Super-ACO. 


The  behaviour  of  the  device  with  the  positron  beam  is 
very  close  to  the  one  predicted  by  magnetic 
measurements.  Two  feedback  systems  on  the  machine 
will  complete  the  compensation  scheme  of  the  undulator 
and  allow  an  independant  control  of  the  device  by  the 
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users.  The  magnetic  measurements  have  demonstrated  the 
very  good  quality  and  identity  of  the  H  and  V  undulators. 
Photon  beam  characterization  including  polarization 
measurements  is  in  progress  as  well  as  the  commissioning 
in  the  AC  switching  mode. 
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Longitudinal  position  (m) 

Fig.  3.  Measured  fields  for  200  A  at  <}>  =  90°  (Hall  probe). 


Longitudinal  position  (m) 


Fig.  4.  V-und.  optimized  beam  trajectories  (PWT) 
for  <|>  =  0. 


Fig.  5.  V-und.  variation  of  correction  currents  (<j>  =  0). 


Photon  energy  (eV) 


Fig.  6.  Observed  spectral  flux  for  different  currents  (t|>=0). 
The  amplitudes  of  spectra  differ  from  each  other  because 
the  vertical  polarization  reflectivity  of  mirrors  differs 
from  the  horizontal  one. 
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Fig.  7.  Tune  variation  with  main  current  (V-und.). 
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Abstract 

A  compact,  racetrack  type  storage  ring  HiSOR  has  been 
constructed  at  Hiroshima  Synchrotron  Radiation  Center. 
A  linear  undulator  and  a  new  type  of  helical/linear 
undulator  were  installed  at  the  two  straight  sections  of 
HiSOR.  Their  magnetic  fields  were  measured  for  different 
configurations  and  gaps.  The  analysis  of  experimentally 
measured  magnetic  field  data  and  radiation  spectra  are 
made  for  HiSOR  undulators  and  presented  in  this  report. 

1  INTRODUCTION 

HiSOR  racetrack  type  storage  ring  [1]  is  planned  for  SR 
research  on  science  and  technology  using  VUV  to  X-ray 
up  to  5  keV.  It  has  two  straight  sections  with  the  length 
8240  mm.  The  stored  electron  beam  energy  is  700  MeV, 
the  current  is  300  mA  bending  magnetic  field  is  2.7  T, 
synchrotron  radiation  critical  energy  is  880  eV.  Electron 
beam  has  the  following  parameters  at  the  center  of 
straight  sections:  horizontal  size  is  1.51  mm,  vertical  size 
is  0.126  mm,  horizontal  divergence  is  0.412  mrad,  vertical 
divergence  is  0.063  mrad  at  0.02  emittance  coupling.  Two 
undulators  are  already  installed  at  HiSOR  storage  ring  [2], 
This  paper  studies  the  influence  of  magnetic  field  errors 
on  the  performance  of  helical/linear  undulator.  Various 
studies  of  such  kind  effect  have  been  carried  out  in  a 
number  of  paper  [3-11].  In  the  first  papers  [3-6]  the 
quality  of  the  wiggler  field  was  characterised  by  its  RMS 
peak  magnetic  field  error.  However,  as  it  has  been  shown 
in  [7],  this  deviation  is  not  strongly  correlated  with  the 
observed  reduction  in  radiation  peak  intensity;  instead,  the 
radiation  intensity  is  well  correlated  with  the  RMS  phase 
error  [7-9].  But  the  most  straightforward  way  to  estimate 
theoretically  the  performance  of  undulator  is  to  calculate 
its  radiation  characteristics  with  the  use  of  experimentally 
measured  magnetic  field.  Such  approach  was  used  in  a 
number  of  papers  [6,  10,  11],  and  have  been  successfully 
applied  in  this  study.  The  new  effective,  universal  and  fast 
computer  code  was  created  to  calculate  the  variety  of 
undulator  radiation  characteristics.  Suffice  it  to  say  that  it 
needs  only  130  seconds  to  calculate  radiation  distribution 
in  real  geometry  (90*90=8100  points  on  the  screen, 
measured  magnetic  field  with  its  length  =  2.5  meters,  real 
electron  beam  emittance)  at  PC  Pentium  II,  333  MHz. 
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2  PARAMETERS  OF  UNDULATORS 

The  linear  undulator  has  a  standard  pure-permanent 
magnet  design  with  eight  magnetic  blocks  per  period 
(including  upper  and  lower  jaws)  and  will  generate  the 
radiation  with  25-300  eV  photon  energy.  The  helical/ 
linear  undulator  consists  of  upper  and  lower  jaws  same  as 
standard  planar  undulator  while  each  jaw  consists  of  one 
fixed  magnet  array  at  the  center  and  two  magnet  arrays  at 
both  sides.  By  longitudinal  shift  of  side  magnet  arrays,  the 
amplitudes  of  vertical  and  horizontal  magnetic  fields  can 
be  varied.  In  this  way  the  proper  polarization  of  radiation, 
generated  by  this  undulator,  can  be  selected  as  linear, 
elliptical,  right-  or  left-circular.  It  gives  almost  perfect 
circular  polarized  light  in  4  -  40  eV  region  in  the  helical 
configuration,  as  well  as  linear  polarized  light  in  3  -  300 
eV  in  the  linear  configuration.  The  main  parameters  of  the 
undulators  (with  computed  magnetic  field  amplitudes)  are 
shown  in  Tables  1  and  2. 


Table  1 :  Parameters  of  linear  undulator 


Period  length 

57  mm 

Number  of  periods 

41 

Total  length 

2354.2  mm 

Gap  distance 

30  -  200  mm 

Permanent  magnet 

NdFeB 

Maximum  magnetic  field 

0.41  T 

Deflection  parameter 

2.2 

Table  2:  Parameters  of  helical/linear  undulator 


Period  length 

100  mm 

Number  of  periods 

18 

Total  length 

1828.6  mm 

Gap  distance 

30  -  200  mm 

Permanent  magnet 

NdFeB 

Max.  magnetic  field  (helical  mode) 

0.347  T 

Deflection  parameter  (helical  mode) 

4.6 

Max.  magnetic  field  (linear  mode) 

0.597  T 

Deflection  parameter  (linear  mode) 

5.6 

Calculated  photon  flux  densities  at  helical  and  linear 
modes  of  the  helical/linear  undulator,  those  of  the  linear 
undulator  (with  sinusoidal  magnetic  fields)  and  the 
bending  magnet  at  HiSOR  are  shown  in  Fig.  1 . 


0-7803-5573-3/99/$  10,00@  1999  IEEE. 
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Photots/sec/mrad2/0. !  %  BW  100  10  Wavelength,  nm 


Fig.l.  Calculated  flux  density  distributions  of  two 
undulators  and  bending  magnet  at  HiSOR. 

3  PERFORMANCE  OF  HELICAL/ 
LINEAR  UNDULATOR 

3.1  Helical  mode 

The  measured  horizontal  and  vertical  components  of  the 
undulator’s  magnetic  field  are  shown  in  Fig.  2. 


Fig.  2.  Measured  magnetic  fields  of  helical/linear 
undulator  at  helical  mode,  gap=30  mm. 

The  analysis  show  that  the  horizontal  Br  and  vertical  Bv 
fields  can  be  fitted  by  the  formula: 

Bx.y  =  C*,y  +  Ax.y  sin(2^^  +  (pxy) 


where  Cx  =-2.5  Gs,  Ax  =3228  Gs,  (px  =0,  Cy  =-7.1 
Gs,  Ay  =3397  Gs,  (py  =  1 .6,  =  100  mm. 

The  computed  horizontal  and  vertical  trajectories  of  the 
electron  in  the  measured  field  with  steering  magnets  orbit 
adjustment  are  shown  in  Fig.  3.  The  twisted  shape  of  these 
curves  clearly  exhibits  the  role  of  the  constant  term  Cx  . 

Fig.  4  shows  the  calculated  on-axis  spectrum  in  the 
vicinity  of  the  fundamental  harmonic  (4.385  eV)  for  the 
case  of  measured  magnetic  field  and  for  ideal  (pure 
sinusoidal)  helical  field  for  the  zero  emittance  electron 
beam.  Fig.  5  shows  the  horizontal  distribution  of  the 
fundamental  for  measured  and  sinusoidal  magnetic  fields. 


Fig.  3.  Horizontal  and  vertical  trajectories  of  the  electron. 


Fig.4.  Computed  on-axis  brightness  of  the  fundamental 
for  the  measured  magnetic  field  (solid  line)  and  for 
sinusoidal  field  (dashed  line) 


Fig.  5.  Computed  horizontal  distribution  of  fundamental: 
measured  field  and  zero  emittance  beam  (solid  curve), 


2690 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


measured  field  and  real  emittance  beam  (dotted  curve), 
sinusoidal  field  and  zero  emittance  beam  (dashed  curve). 

Presented  above  results  clearly  demonstrate  that  the 
effect  of  magnetic  field  errors  on  the  fundamental  (which 
only  will  be  used  at  helical  mode)  is  negligible. 

3.2  Linear  mode 

In  the  ideal  case  the  magnetic  field  of  any  linear  undulator 
has  only  one  component  (usually,  vertical).  But  because  of 
the  complex  arrangement  of  helical/linear  undulator,  its 
magnetic  field  contains  both  leading  vertical  magnetic 
field  and  slight  horizontal  field  also,  see  Fig.  6.  This 
horizontal  component  will  shift  the  electron  beam  in 
vertical  direction,  see  Fig  7.  Electron  beam  has  at  the  exit 
of  undulator:  horizontal  deflection  =  0.43  mrad,  vertical 
deflection  =  -0.72  mrad. 


Fig.  6.  Measured  magnetic  fields  of  helical/linear 
undulator  at  linear  mode,  gap=30  mm:  vertical  field  (solid 
curve)  and  horizontal  field  (dashed  curve). 


Fig.  7.  Horizontal  and  vertical  trajectories  of  the  electron. 

Again,  let  us  consider  the  electromagnetic  radiation 
properties  that  is  our  principal  interest.  Fig.  8  shows  the 
on-axis  spectrum  (1“,  3"*,  5“\  7lh  and  9th  harmonics)  in  the 
case  of  ideal  magnetic  field:  sinusoidal  vertical  field  and 
zero  horizontal  one.  It  is  naturally  that  only  the  odd 
harmonics  are  generated  by  this  magnetic  field.  The 
harmonic  intensities  increase  with  their  number  increase, 
because  the  deflection  parameter  is  sufficiently  large 
(5.6).  Fig  9  shows  the  the  on-axis  spectrum  in  the  case  of 
measured  magnetic  field.  From  this  figure  we  notice  that 
the  even  harmonics  are  generated  along  the  axis  in  the  real 
case.  The  effect  of  higher  harmonics  degradation  is 
clearly  visible.  But  the  shape  and  amplitude  of  the  first 
harmonic  are  almost  the  some  for  both  cases. 


Fig.  8.  On-axis  spectrum  in  ideal  planar  magnetic  field. 


Fig.  9.  On-axis  spectrum  in  measured  magnetic  field. 
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WIGGLERS 
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Abstract 

This  paper  deals  with  electromagnetic  radiation  generated 
by  relativistic  particles  in  arbitrary  planar  magnetic  field 
(in  a  wiggler  or  undulator  for  example).  Magnetic  system 
producing  this  field  is  assumed  to  be  planar  and  to  consist 
of  permanent  magnets.  It  is  shown  that  there  is  a  special 
rotations  for' vectors  of  magnetization  in  such  magnetic 
system:  while  magnetic  field  is  varying  but  the  spectrum 
of  spontaneous  radiation  generated  by  relativistic 
particles  remains  the  same.  This  property  of  radiation  can 
be  used  in  design  of  the  new  undulators  and  wigglers. 

I  INTRODUCTION 

Nowadays,  permanent  magnets  are  widely  used  in  wiggler 
and  undulator  designs.  Only  permanent  magnets  are  used 
in  pure  permanent  magnet  (PPM)  wigglers  [1]. 
Sometimes  unusual  undulator  designs  are  used,  especially 
for  the  microundulators  [2-5],  To  enhance  the  PEL  gain, 
the  non-standard  scheme  was  chosen  also  for  the  PPM 
wiggler  [6,7],  i.e.  with  the  magnetization  vectors  parallel 
and  anti-parallel  to  the  wiggler  axis.  That  is  why  it  is  very 
important  to  investigate  the  general  properties  of  the 
planar  PPM  undulators/wigglers  and  the  electromagnetic 
radiation  generated  by  relativistic  electron  beam  in  such 
systems.  In  particular  the  Rotation  Theorem  is  well 
known  [8]:  if  at  each  point  of  a  PPM  system  all  easy  axis 
are  rotated  simultaneously  by  the  angle  6 ,  while  the 
geometry  remains  the  same,  then  all  magnetic  fields  rotate 
by  the  opposite  angle  —  6  without  the  change  in 
amplitude. 

This  paper  also  deals  with  another  general  property  of 
any  planar  PPM  wiggler/undulator.  It  is  shown  that  if  all 
easy  axis  of  the  upper  part  of  PPM  undulator  are  rotated 
by  the  angle  6  ,  and  at  the  same  time  all  easy  axis  of  the 
bottom  part  of  PPM  undulator  are  rotated  by  the  opposite 
angle  —  6  the  shape  of  magnetic  field  clearly  varies,  but 
the  module  of  it’s  Fourier  transform  remains  constant. 

2  FOURIER  TRANSFORM  INVARIANCE 
PROPERTY  FOR  MAGNETIC  FIELD 

Let  us  consider  a  PPM  system  that  is  infinitely  wide  and 
homogeneous  along  the  X-axis  (horizontal  axis)  with 
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magnetization  M(y,z),  see  Fig.l.  Magnetic 
produced  by  such  a  system  is  given  by  [9]: 

v  K 


where  R  =  r  —  r' ,  R  =  Ira 
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Figure  1 :  Rotation  of  easy  axis  in  planar  PPM  wiggler: 
solid  arrows  show  the  initial  magnetization,  dashed 
arrows  show  the  magnetization  after  rotation.  Standard 
period  of  PPM  wiggler  is  used  as  an  example. 

Let  us  consider  the  vertical  magnetic  field  Fourier 
transform  in  the  wiggler  median  plane  ( z  =  0  ): 

p)  =  J  eipyHz(y,z  =  0  )dy .  (2) 

Substituting  (1)  into  (2)  and  making  some  analytical 
calculations  yields  the  relationship  [10]: 

Hz  ( p )  =  2 k\  A  exp(-ipy'-\pz'\  )dy'dz' ,  (3) 

A  =\p\  Mz (y',z')  - ipMy  (y',z')sign(z') .  (4) 

Let  us  rotate  the  easy  axis  at  each  point  of  upper  part  of 
the  PPM  system  ( z '  >  0)  by  the  angle  6 : 

My{y,z)  =  My(y,z)cos(6)~  Mz(y,z) sin(0) , 
M'(y,z)  =  Mz(y,z)cos(0)+  My(y,z)sia(d) . 

As  a  result  we  will  find  that  at  ( z '  >  0)  and  p>  0  the 
function  A  will  obtain  the  additional  phase  factor: 

A'  -  A  exp(-/0)  (5) 

The  rotation  of  the  easy  axis  at  each  point  of  down  part  of 
the  PPM  system  (z'  <  0)  by  the  angle  —  6  is  given  by: 
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M'y(y,z)  =  My(y,z)  cos(0)  +  M2(y,z)  sin(<9) , 
M'2{y,z)  =  M2(y,z)cos(d)-My(y,z)sm(6) . 

It  is  easy  to  see  that  the  integral  (3)  over  the  bottom  part  of 
PPM  system  (z'  <  0)  will  get  the  same  phase  factor  as 
(5).  As  a  result  we  have  at  p>  0 : 

H'2(p)  =  H2(p)cxp(-W).  (6) 

Using  the  similar  calculations,  we  have  at  p  <  0  : 

H'z(p)  =  H2(p)exp(i6).  (7) 

Magnetic  field  is  a  real  function.  It  is  evident  from  (6)  and 
(7),  that  the  complex  conjugation  of  its  Fourier  transform 
is  equivalent  to  replacing  p  by  —  p . 

Eqs.  (6)  and  (7)  shows  that  if  all  the  easy  axis  at  each 
point  of  the  upper  part  of  PPM  system  are  rotated  by  the 
angle  0  and  at  the  same  time  all  the  easy  axis  at  each 
point  of  the  bottom  part  of  PPM  system  are  rotated  by  the 
opposite  angle  —  9 ,  the  module  of  Fourier  transform  of 
the  magnetic  field  does  not  change  (Fig.  1).  But  the  phase 
factors  in  Fourier  transform  at  p  >  0  and  p  <  0  are 

different.  It  means  that  the  shape  of  the  magnetic  field  will 
be  changed. 

A  brief  analysis  was  made  in  [6]  for  the  different 
magnetic  fields  produced  by  two  different  PPM 
undulators.  Actually  the  second  undulator  in  [6]  could  be 
derived  from  the  first  one  by  rotation  of  easy  axis  by  the 
angle  —n  12  at  upper  part  of  this  undulator  and  by  the 
angle  7C I 2  at  its  bottom  part.  Results  obtained  in  [6]  are 
in  excellent  agreement  with  results  obtained  above  in  this 
chapter. 


3  INVARIANCE  OF 
ELECTROMAGNETIC  RADIATION 

Let  us  consider  the  spontaneous  electromagnetic 
radiation,  generated  by  relativistic  particle  in  planar 
magnetic  fields.  At  first,  let  us  consider  the  case  of 
relatively  weak  magnetic  field.  It  means  that  the  angle  by 
which  the  particle  is  deflected  by  the  magnetic  field  is 
small  in  comparison  with  the  quantity  1  /  y ,  where  y  is  a 
reduced  energy  of  relativistic  particle.  As  this  takes  place, 
electromagnetic  radiation  is  dipole-type.  It  means  for 
undulators  that  the  undulator  deflection  parameter  is  much 
smaller  than  unit.  Electromagnetic  radiation  from  the 
microundulators  (undulators  with  period  less  than  several 
millimeters)  is  almost  dipole-type.  Spectral 
characteristics  of  dipole  radiation  are  determined  by  the 
module  squared  of  the  Fourier  transform  of  the  magnetic 
field  vertical  component  [11].  Let  us  transform  the 
magnetic  system  as  it  was  described  above  in  section  2. 
Let  us  rotate  the  easy  axis  at  each  point  of  the  upper  part  of 
PPM  system  by  the  angle  6  and  at  each  point  of  the 
bottom  part  of  PPM  system  by  the  opposite  angle  —  6 
(Fig.  1).  Using  results  obtained  in  section  2  and  the 


property  of  dipole  radiation  noted  above,  we  can 
conclude,  that  spectral  characteristics  of  electromagnetic 
radiation  of  relativistic  particle  remain  invariant  under 
these  transformations  of  PPM  magnetic  system. 

Let  us  consider  the  planar  PPM  undulator  with  period  l 
and  infinite  length.  Integral  of  the  magnetic  field  over  the 
undulator  period  is  equal  to  zero.  Radiation  wavelength 
X,  generated  by  the  harmonic  with  number  n  at  the 
angle  6  to  the  undulator  axis,  is  equal  to: 

x=- “r(1+r202+a5^2)-  (8) 


Deflection  parameter  K  for  the  nonsinusoidal  magnetic 
field  is  equal  to: 

K'-jr’jfiHy ’)dy,  CO 

1  0 

where  flx(y)  is  a  horizontal  reduced  speed  of  the 
particle.  It  is  clear  from  the  equations  of  motion  that: 

ao) 

The  particle  initial  conditions  were  chosen  in  such  a  way 
that  trajectory  of  the  particle  is  a  periodic  function.  The 
Fourier  coefficients  for  the  (y)  function  are: 

&  =yj  exp  {i~ky)PAy)dy  •  an 

1  0  1 

Since  the  transverse  drift  of  the  particle  along  one 
undulator  period  is  equal  to  zero,  the  Fourier  coefficient  at 
k  =  0  equal  to  zero,  i.e.  J3x0  =  0 .  Using  Parseval 
theorem,  we  obtain: 

y|A2(T)^  =  Xly9J2.  (i2> 

1  0 


It  is  easy  to  show  from  (10)  and  (11)  that  at  k  =£  0 
Fourier  coefficients  for  the  reduced  speed  and  Fourier 
coefficients  for  the  undulator  magnetic  field  are 
proportional  to  each  other: 

A-SiSy"--  (13) 


where  e  is  a  particle  charge,  m  is  its  mass,  c  is  the  speed  of 
light, 

H*=\]ex.v(i^ky)Hs(y)<fy.  (14) 

1  0  1 

It  is  easy  to  obtain  the  formulae  for  the  undulator  magnetic 
field  Fourier  coefficients  (14),  which  are  similar  to  Eqs. 
(3),  (4).  Using  (9)  -  (14),  we  can  prove  the  following 
statement. 

We  transform  now  the  planar  PPM  undulator  by  the 
method  described  in  section  2.  Let  us  rotate  the  easy  axis 
at  each  point  of  the  upper  part  of  PPM  undulator  by  the 
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angle  6  and  at  each  point  of  the  bottom  part  of  PPM 
undulator  by  the  opposite  angle  —  6  (Fig.  1).  As  this  takes 
place  the  Fourier  coefficients  (14)  for  undulator  magnetic 
field  and  the  Fourier  coefficients  (11)  for  the  reduced 
speed  will  get  the  phase  factor.  It  is  evident  from  (9)  and 
(12)  that  the  undulator  deflection  parameter  is  invariant 
under  this  magnetic  system  transformation.  It  means  that 
the  position  of  undulator  radiation  harmonic  does  not  shift 
also.  But  at  the  same  time  the  intensity  of  undulator 
radiation  at  some  harmonic  might  change,  because  of 
undulator  magnetic  field  shape  changes.  This  problem 
calls  for  further  investigations. 
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Abstract 

A  simple  derivation  of  the  “edge  radiation”  emitted  by  an 
electron  beam  going  through  a  bending  magnet  in  the 
directions  of  its  entrance  and  exit  from  the  magnet  itself  is 
presented.  This  radiation  is  characterized  by  wavelengths 
much  longer  than  the  synchrotron  radiation  critical 
wavelength  in  the  same  magnet. 

The  far  field  radiation  emitted  by  an  electron  following  a 
curved  trajectory  inside  a  finite  bending  magnet  can  be 
approximated  with  any  required  accuracy  by  that  produced 
by  an  electron  following  a  segmented  trajectory  made  of 
straight  lines  with  sudden  change  of  the  velocity  direction. 
The  radiation  field  amplitude  produced  by  a  velocity 
direction  change  is  that  of  a  “prompt”  bremsstrahlung  in 
which  the  velocity  module  remains  constant.  The  total 
amplitude  is  the  sum  of  all  the  bremsstrahlung  amplitudes 
with  their  relative  phase  difference. 

For  long  wavelengths  and  around  the  direction  of 
entrance  or  exit  from  the  magnet,  only  few  terms  are 
required  to  give  a  good  description  of  the  radiation  as 
compared  with  exact  calculations 

1  INTRODUCTION 

The  so-called  “edge  radiation”  is  emitted  by  an  electron 
beam  going  through  a  bending  magnet  in  the  directions  of 
its  entrance  and  exit  from  the  magnet  itself.  It  is 
characterized  by  wavelengths  much  longer  than  the 
synchrotron  radiation  critical  wavelength  in  the  same 
magnet.  It  is  considered  for  possible  scientific  applications 
because  may  be  brighter  than  the  analogous  radiation 
emitted  along  the  central  trajectory  inside  the  bending 
magnets. 

It  has  been  often  assumed  that  this  radiation  could 
depend  from  the  behavior  of  the  magnet  fringing  field.  I 
will  demonstrate  that  it  is  only  the  standard  synchrotron 
radiation  from  a  finite  length  magnet. 

R.A.  Bosch  has  given  a  simple  interpretation  [1]  that 
has  some  validity  in  the  very  long  wavelength  limit  and 
can  be  considered  a  “zero  order”  approximation. 

I  will  give  a  more  general  derivation,  valid  for  all 
wavelengths  and  emission  angles,  which  coincides  with 
standard  synchrotron  radiation  at  short  wavelengths. 

The  starting  point  is  the  observation  that  the  far  field 
radiation  emitted  by  an  electron  following  a  curved 
trajectory  inside  a  finite  bending  magnet  can  be 
approximated  with  any  required  accuracy  by  that  produced 
by  an  electron  following  a  segmented  trajectory  made  of 
straight  lines  with  sudden  change  of  the  velocity  direction. 
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The  radiation  field  amplitude  produced  by  a  velocity 
direction  change  is  that  of  a  “prompt”  bremsstrahlung  in 
which  the  velocity  module  remains  constant.  The  total 
amplitude  is  the  sum  of  all  the  bremsstrahlung  amplitudes 
with  their  relative  phase  difference. 

For  long  wavelengths  and  around  the  direction  of 
entrance  or  exit  from  the  magnet,  only  few  terms  are 
required  to  give  a  good  description  of  the  radiation  as 
compared  with  exact  calculations  [2],  The  Bosch 
approximation  consists  in  considering  only  the  first  term. 

2  THEORETICAL  CONSIDERATIONS 

The  starting  point  is  the  expression  of  the  radiation 
intensity  emitted  by  a  charged  particle  in  an  arbitrary 
accelerated  motion  [3] 
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in  which  n  is  the  observation  direction  and  £  the  particle 
velocity. 

For  a  particle  travelling  only  once  trough  a  finite  length 
bending  magnet,  the  integral  will  be  performed  between 
the  time  of  its  entrance  tG  and  the  time  of  its  exit  tf. 

We  can  always  subdivide  the  integral  as  a  sum  of 
integrals  on  smaller  time  intervals 
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For  sufficient  short  time  intervals  and  long  wavelength, 
we  can  assume  that  the  phase  factor  is  constant  for  each 
integral,  so  that  we  can  perform  an  analytical  evaluation 
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This  corresponds  to  approximate  the  curved  path  of  the 
particle  with  a  segmented  trajectory,  in  which  the  particle 
velocity,  constant  in  module,  changes  suddenly  its 
direction. 
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The  radiation  amplitude  for  each  change  of  direction  can 
be  written  as  that  of  a  particle  in  uniform  motion  suddenly 
stopped,  plus  that  of  a  particle  starting  with  constant 
velocity  in  the  new  direction.  The  two  amplitudes  have 
opposite  sign  due  to  the  different  accelerations. 

This  approach  of  “prompt  bremsstrahlung”  has  proven 
its  efficacy  in  many  radiation  processes,  from  standard 
transition  radiation  to  undulator  transition  radiation  [4]. 

For  our  purpose,  we  can  rearrange  the  terms  of  the  sum 
in  (1) 
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them  in  the  horizontal  plane,  where  its  contribution  is 
more  sensible. 

We  have  two  equal  amplitude  of  opposite  sign  separated 
by  a  phase  difference  that  can  be  written  as 


<t>  =  ^-(1-PC0S®) 

in  which  d  is  the  distance  traveled  by  the  particle  and  0  is 
the  observation  angle  with  respect  to  the  particle  velocity. 

The  intensity  distribution  produced  by  a  single  segment 
of  the  trajectory  is  given  by 
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It  is  clear  that  the  smaller  is  the  ratio  d/A.,  the  lesser  is 
the  intensity,  but  spanning  a  larger  angle  range.  This 
must  be  kept  in  mind  when  deciding  how  segmenting  the 
trajectory  and  how  many  terms  of  the  sum  in  (2)  should 
be  considered. 


The  first  two  terms  in  (2)  represent,  respectively,  the 
radiation  field  amplitude  produced  by  a  particle  that, 
moving  at  constant  velocity,  stops  suddenly  at  the 
entrance  of  the  bending  magnet,  and  that  of  a  particle  at 
rest  that  starts  moving  in  uniform  motion  at  the  exit  of 
the  magnet.  Each  of  these  amplitudes,  that  are  often  found 
in  radiation  phenomena,  as  Optical  Transition  Radiation, 
produce  a  radiation  angular  distribution  with  a  maximum 
intensity  at  an  angle  equal  to  1/ywith  respect  to  the 
particle  velocity,  y  being  the  particle  relativistic  factor. 

If  the  bending  angle  caused  by  the  magnet  is  much 
larger  than  1/y,  the  two  amplitudes  do  not  interfere, 
independently  of  the  wavelength,  and  we  have  two  separate 
sources  each  with  the  properties  of  a  prompt 
bremsstrahlung.  This  is  the  approximation  introduced  in 
[1].  In  this  case  the  radiation  is  distributed  symmetrically 
around  the  direction  of  entrance  and  exit  of  the  beam  from 
the  magnet,  and  has  a  flat  spectrum.  Exact  numerical 
calculations  [2]  show  that  this  approximation  has  some 
validity  only  for  very  long  wavelengths,  and  is  not  able  to 
give  the  radiation  intensity  at  larger  angles,  where  the 
other  terms  in  (2)  are  much  more  important. 

These  terms  also  are  not  new  in  the  radiation  panorama. 
Each  element  of  the  sum  represents  the  field  amplitude 
produced  by  a  particle  starting,  from  rest,  at  constant 
velocity  in  a  given  direction  and  then  stopping  after  a 
finite  path  length.  In  the  segmented  trajectory  model,  this 
represent  the  radiation  amplitude  produced  by  the  particle 
in  a  single  rectilinear  segment.  This  amplitude  has  been 
studied  in  transition  radiation  emission  as  the  interference 
between  two  radiating  foils,  and,  equivalently,  but  less 
known,  as  an  under  threshold  Cherenkov  radiation. 

To  better  understand  the  effects  of  these  terms  on  the 
total  amplitude,  we  will  analyze  the  behavior  of  one  of 


3  NUMERICAL  SIMULATIONS 

To  demonstrate  the  effectiveness  of  this  approach,  I  have 
calculated  the  radiation  angular  distribution  in  the 
horizontal  plane  for  a  real  case,  i.e.  the  Super-ACO 
storage  ring,  for  which  exact  calculations  and 
measurements  exist  [2]. 

The  machine  parameters  relevant  for  this  calculation  are 
summarized  in  Table  1 . 


Table  1  -  Relevant  parameters  of  Super-ACO 


Energy 

800 

MeV 

Bending  angle 

71/4 

rad 

Curvature  radius 

1.7 

in 

The  large  bending  angle  prevents  any  interference 
between  amplitudes  at  the  entrance  and  exit  of  the  magnet, 
for  all  reasonable  wavelength  value,  so  that  the  first  two 
amplitudes  in  (2)  can  be  considered  separately. 

In  the  following  I  will  show  some  example  of  the 
radiation  angular  distribution  along  the  exit  direction  from 
the  magnet.  In  this  case  the  first  term  in  (2)  can  be 
neglected.  In  Fig.  1  the  effect  of  a  single  bremsstrahlung 
amplitude  (second  term  in  (2))  is  shown.  This  corresponds 
to  the  “zero  length”  model  presented  in  [1].  Intensity  and 
angular  distribution  of  the  radiation  do  not  depend  from 
wavelength.  It  must  be  noted  that  for  practical  reasons  the 
intensity  is  given  in  arbitrary  units,  but  the  scale  is  the 
same  for  all  the  pictures,  which  can  be  directly  compared. 

Positive  angles  are  towards  the  inner  part  of  the  curved 
trajectory. 
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Fig  1  -  Edge  radiation  angular  distribution  produced  by  a 
single  bremsstrahlung  amplitude 


6  (rad] 


Fig  2  -  Angular  distribution  of  edge  radiation  at  500  pm 

In  Fig.  2  it  is  represented  the  same  distribution  for  a 
radiation  wavelength  of  500  pm  obtained  from  (2) 
approximating  the  curved  trajectory  as  15  linear  segments, 
but  considering  only  the  contribution  of  the  last  three. 

The  asymmetry  between  the  two  lobes  is  now  evident, 
and  can  be  compared  with  that  calculated  in  [2]. 

Even  if  based  on  a  small  number  of  terms,  this  result  is 
accurate,  compared  to  exact  evaluations,  to  better  than  1% 
on  the  peaks  and  to  better  than  5%  on  the  tails. 

Increasing  the  number  of  segments  and  the  number  of 
terms  considered  in  (2),  the  intensity  distribution  at 
shorter  wavelength  can  be  computed  with  the  same 
accuracy.  As  it  is  shown  if  Fig.  3,  the  asymmetry  of  the 
lobes  increases  and  the  distribution  approaches  the  flat 
behavior  of  the  “standard”  synchrotron  radiation. 


Fig  3  -  Edge  radiation  angular  distribution  at  shorter 
wavelength 

4  CONCLUSIONS 

The  approximation  of  the  trajectory  inside  a  bending 
magnet  as  a  sum  of  straight  segments  allows  an  intuitive 
and  simple  evaluation  of  the  radiation  emitted  along  the 
directions  of  entrance  and  exit  from  the  magnet.  In  the 
case  of  long  wavelengths  an  accurate  result  can  be 
obtained  by  a  simple  expression.  The  use  of  prompt 
bremsstrahlung  amplitudes  allows  also  to  consider  the 
interference  with  other  possible  source  of  radiation  along 
the  straight  section,  due  to  insertion  devices  or  even  the 
mirror  used  to  extract  the  edge  radiation,  in  a  simple  way. 
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Abstract  Table  1 :  Undulator  parameters 


The  Visible-Infrared  SASE  Amplifier  (VISA)  undulator  is 
an  in- vacuum,  4-meter  long,  1.8  cm  period,  pure- 
permanent  magnet  device,  with  a  novel,  strong  focusing, 
permanent  magnet  FODO  array  included  within  the  fixed, 
6  mm  undulator  gap.  The  undulator  magnet  is  constructed 
of  99-cm  long  segments,  joined  into  a  continuous 
structure.  To  attain  maximum  SASE  gain  requires 
establishing  overlap  of  electron  and  photon  beams  to 
within  50  microns  rms.  This  imposes  challenging 
tolerances  on  mechanical  fabrication  and  magnetic  field 
quality,  and  necessitates  use  of  laser  straightness 
interferometry  for  calibration  and  alignment  of  the 
magnetic  axes  of  the  undulator  segments.  This  paper 
describes  the  computerized  magnet  sorting,  pulsed-wire 
magnetic  measurements,  trajectory  shimming  and 
magnetic  axis  calibration  performed  to  meet  this  goal. 

1  INTRODUCTION 

The  Visible-Infrared  SASE  Amplifier  (VISA)  [1]  is  a 
multi-institutional,  collaborative  experiment  whose 
objective  is  to  demonstrate  and  analyze  Self-Amplified 
Spontaneous  Emission  (SASE)  from  noise  to  saturation 
in  the  800-600  nm  range.  The  experiment  is  being 
installed  at  Brookhaven's  Accelerator  Test  Facility  (ATF) 
linac,  operating  at  70-85  MeV. 

Simulations  of  the  VISA  FEL  [2]  have  shown  that  gain 
is  degraded  when  trajectory  wander  exceeds  50  |im  rms. 
This  means  that  initial  trajectory  straightness, 
determination  of  magnetic  centerline,  fiducialization  and 
alignment  must  each  be  accomplished  to  within  25  pm 
rms,  equivalent  to  the  peak  wiggle  amplitude  at  72  MeV. 
These  represent  challenging  requirements  for  magnetic  and 
mechanical  design,  magnetic  measurement  and  metrology. 
These  challenges  are  addressed  in  this  paper  and  in 
companion  papers  by  Libkind  [3]  and  Ruland  [4], 

2  UNDULATOR  DESIGN 

The  VISA  undulator  has  been  described  in  detail 
previously.  [1]  It  was  designed  to  provide  sufficient  gain 
to  reach  saturation  in  less  than  4  meters,  the  length 
available  in  the  ATF  beamline.  Its  compact,  modular 
design  is  based  on  a  planar,  pure-NdFeB,  Halbach  structure 
with  parameters  shown  in  Table  1 . 
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Period 

18  mm 

Gap 

6  mm  (fixed) 

Block  dimensions 

30  x  10  x  4.45  mm 

Remanence  B. 

1.25  T 

Intrinsic  coercivity  H„; 

>20  kOe 

Peak  field  B„ 

0.75  T 

Number  of  periods 

220  (4  x  55/section) 

The  device  is  built  in  four  99-cm  long  sections,  joined 
into  a  seamless,  220-period  undulator.  (Additional  sections 
can  be  added  in  the  future).  Non-steering,  displacement-free 
terminations  at  each  end  complete  the  dipole  array. 

2. 1  Distributed  Strong  Focusing 

To  attain  the  needed  gain  length  of  <0.4  m,  distributed 
strong  focusing  was  added  to  the  Halbach  array.  The 
compact  quadrupole  array  is  formed  by  pairs  of  vertically 
polarized  NdFeB  bars,  placed  lengthwise  in  the  undulator 
gap,  as  shown  schematically  in  Figure  1 .  The  proportions 
were  chosen  to  produce  equal  vertical  and  horizontal 
gradients  in  the  vicinity  of  the  axis.  Magnets  are  mounted 
in  10-cm  long  modules,  forming  a  FODO  array  with 
24.75  cm  period,  for  a  total  of  16  periods  in  4  meters. 


Figure  1.  Schematic  end  view  of  VISA  undulator, 
showing  quadrupole  magnets  within  the  undulator  gap. 

This  geometry  creates  a  beam  channel  only  6  mm  high 
and  about  8  mm  wide  between  quadrupole  holders.  An 
internal  vacuum  chamber  would  have  reduced  the  vertical 
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aperture  even  more,  leaving  too  little  room  for  BPM’s, 
diagnostics,  or  even  an  alignment  laser  beam.  For  this 
reason  the  entire  undulator  was  put  inside  a  vacuum 
vessel.  The  magnet  surfaces  facing  the  beam  are  lined  with 
25  |im  thick  nickel  foil,  for  image  current  continuity. 

3  MAGNET  SORTING 

The  VISA  lattice  is  comprised  of  some  1772  magnet 
blocks  forming  220  undulator  periods,  and  192  blocks 
forming  16  FODO  cells.  We  specified  magnetization 
tolerances  of  1.5%  in  magnitude  and  1.5  degrees  in  angle. 
Left  uncorrected,  these  block  errors  produce  random  errors 
in  the  field,  resulting  in  excessive  beam  trajectory  walk- 
off  and  degradation  of  FEL  interaction.  To  minimize  this 
adverse  accumulation  of  field  errors,  the  magnetic 
moments  of  each  magnet  block  were  first  measured  by  the 
manufacturer.  We  then  used  a  Monte  Carlo  algorithm 
called  “threshold  acceptance”  (similar  to  simulated 
annealing)  to  sort  the  blocks.[5]  A  localized  'cost',  or  'free 
energy'  function  in  terms  of  the  moment  errors  is 
calculated  at  each  block  location  along  the  beamline,  then 
summed  to  obtain  a  measure  of  the  level  of  field  error. 
Starting  with  a  random  selection  of  magnets  from  the 
database,  the  algorithm  swaps  magnets  and  recalculates  the 
cost  function  millions  of  times,  until  the  total  level  of 
field  error  is  reduced  to  a  minimum.  In  our  case,  sorting 
reduced  the  rms  field  error  by  a  factor  of  14.  The  resulting 
reduction  in  trajectory  walk-off  is  illustrated  in  Figure  2. 


Figure  2:  Comparison  of  undulator  trajectory  in  VISA 
after  sorting  vs.  a  random  magnet  selection.  The  view  is  y 
vs.  x,  with  the  beam  axis  perpendicular  to  the  page. 

For  the  quadrupole  lattice,  variations  of  quadrupole 
gradient  due  to  errors  in  the  block  magnetization  only 
affect  betatron  motion.  However,  the  quadrupole  magnets 
also  contribute  dipole  errors  which  cause  trajectory  errors 
as  well.  These  errors  stem  either  from  magnetization 
errors  or  from  positioning  errors  of  the  quadrupole 
magnets.  Sorting  of  the  quadrupole  blocks  produced  only 
a  very  small  theoretical  improvement  in  trajectory  error. 
On  the  other  hand,  dipole  errors  due  to  random  quadrupole 


positioning  errors  were  found  to  be  the  dominant  cause  of 
trajectory  deviation  in  VISA  and  became  the  focus  of  our 
measurement  and  field  correction  efforts. 

4  PULSED  WIRE  MEASUREMENT 

The  enclosed  beam  channel  severely  limits  access  by 
conventional  magnetic  measurement  devices,  such  as  Hall 
probes.  Since  we  cannot  measure  field  or  field  errors 
directly,  we  rely  on  magnet  block  measurement  and 
sorting  to  assure  undulator  field  quality.  To  measure  and 
correct  trajectory  errors,  we  chose  the  pulsed  wire  as  the 
primary  measurement  tool.  [6]  Driven  by  a  current  step,  it 
provides  an  instant  image  of  the  trajectory,  permits  rapid, 
iterative  trajectory  correction,  and  is  an  excellent  null¬ 
finding  device  for  locating  the  quadrupole  axis.  However, 
the  observed  wiggle  amplitude  in  the  wire  is  much 
smaller,  and  the  betatron  wavelength  is  much  longer  than 
that  of  a  72  MeV  electron. 

The  pulsed  wire  can  also  be  driven  by  a  current  impulse 
to  give  an  image  of  angular  deviation.  However,  in  this 
application,  the  trajectory  is  the  more  useful  diagnostic. 

The  pulsed  wire  technique  requires  care  in  setup  and 
interpretation.  First,  we  set  up  the  pulsed  wire  bench  on  a 
massive  granite  table  for  stability.  Two  VISA  undulator 
sections  at  a  time  are  supported  in  the  center  of  the  table 
on  posts  with  kinematic  supports  and  X  and  Y  adjusters, 
identical  to  those  used  in  the  final  assembly  [1].  Smaller 
granite  blocks  sit  atop  the  ends  of  the  table,  supporting 
the  4-m  long  wire,  the  oil  bath  vibration  damper  and  the 
wire  position  detector.  The  setup  is  shown  in  Figure  3. 


Figure  3:  Two  VISA  sections  on  the  pulsed  wire  bench. 

Despite  the  stable  support  structure,  the  wire  tends  to 
vibrate  at  its  resonant  frequency  (31  Hz),  driven  by  the 
electro-magnetic  pulses,  air  currents  and  environmental 
sources.  To  damp  the  vibrations,  one  end  of  the  wire  is 
immersed  in  an  oil  bath.  The  31  Hz  is  suppressed  by 
filtering  and  by  the  oscilloscope’s  averaging  feature. 

Wire  sag  affects  the  measurement  of  the  y-component  of 
the  trajectory.  For  this  reason  the  undulator  sections  were 
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designed  to  be  mounted  normal  or  inverted  for  x-trajectory 
measurement,  or  rotated  90°  to  measure  the  y-trajectory  in 
the  horizontal  plane,  independent  of  wire  sag. 

Earth's  field  also  contributes  a  significant  error  to  the 
trajectory  signal.  To  provide  a  field-free  environment,  we 
added  rectangular  Helmholtz  coils  spanning  the  full  length 
of  the  bench.  The  currents  needed  to  cancel  Earth's  field 
were  determined  empirically  by  observing  the  trajectory 
signal  without  the  undulator  present. 

Thanks  to  the  high  gradients  and  careful  setup,  we  are 
able  to  locate  the  quadrupole  centerline  in  pairs  of  VISA 
sections  to  about  5  jitm  rms. 

5  TRAJECTORY  CORRECTION 

Quadrupole  misalignment  turns  out  to  be  the  dominant 
contributor  to  trajectory  error.  Despite  precisely  machined 
mounting  surfaces  and  the  use  of  a  ground  spacer  bar 
during  installation,  random  position  errors  of  up  to  50  pm 
remained.  In  a  33  T/m  gradient,  this  translates  to  large 
steering  errors  of  up  to  150  G-cm  per  quadrupole  module. 
For  this  reason  the  quadrupole  holders  were  mounted  on 
threaded  studs  accessible  from  the  outside,  permitting  local 
x-position  adjustment  of  the  quadrupole  axis.  No  vertical 
adjustments  were  provided,  although  they  would  have  been 
desirable.  (Cam-type  adjusters  for  vertical  positioning  are 
being  designed  into  two  additional  VISA  sections  for 
future  expansion.)  Instead,  y-trajectory  corrections  were 
accomplished  by  strategically  clamping  discrete  NdFeB 
magnets  symmetrically  to  the  sides  of  the  structure. 

The  undulator  sections  were  also  provided  with  access 
ports  in  the  upper  and  lower  strongbacks  to  permit 
insertion  of  trim  magnet  assemblies  close  to  the  undulator 
arrays.  The  3x3x2  mm  trim  magnets,  mounted  in  sets 
of  four  in  adjustable  holders,  are  able  to  provide  local 
steering  corrections  of  up  to  30  G-cm  in  x  or  y. 

The  magnet  sections  were  first  trimmed  one  at  a  time. 
Then  they  were  set  up  two  at  a  time,  to  check  the 
trajectory  across  the  joints.  Using  a  combination  of 
quadrupole  repositioning,  external  magnets  and  the  trim 
magnets,  we  were  able  to  reduce  x  and  y  trajectory  errors 
from  several  wiggle  amplitudes  down  to  a  peak-to-peak 
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Figure  4:  Y  (upper  trace)  and  X  (lower  trace)  trajectory  in 
Sections  #3  and  #4  after  final  trimming.  Both  have  same 
arbitrary  vertical  scale.  Horizontal  scale  is  -25  cm/div. 


error  of  less  than  one  wiggle  amplitude  over  2  meters  (or 
<10  pm  rms).  As  an  example,  Figure  4  shows  x  and  y 
trajectories  in  Sections  #3  and  #4,  after  final  trimming. 

6  FIDUCIALIZATION 

To  measure  position  and  alignment  to  better  than  25  pm 
in  a  structure  several  meters  long  exceeds  the  capability  of 
conventional  optical  survey  techniques.  We  therefore 
chose  laser  straightness  interferometry,  described  in  detail 
by  Ruland.[4]  The  interferometer  is  set  up  on  the  bench 
parallel  to  the  pulsed  wire.  When  the  magnetic  axis  has 
been  aligned  to  the  wire,  the  straightness  interferometer 
measures  the  offset  of  each  fiducial  from  the  wire  center 
(i.e.,  form  the  magnetic  axis).  These  measurements  are 
done  first  with  the  VISA  sections  in  normal  orientation, 
then  rotated  90  degrees.  This  calibrates  the  magnetic  axis 
relative  to  the  fiducials  in  both  planes.  In  tests  we  have 
demonstrated  fiducialization  accuracy  to  <10  pm. 

During  installation  of  the  undulator  in  the  vacuum 
vessel  at  the  ATF,  two  straightness  interferometers,  one 
in  the  x-z  plane,  the  other  in  the  y-z  plane,  will  be  used  to 
align  the  undulator  sections  to  the  beamline  reference  laser 
by  reproducing  the  x  and  y  offsets  measured  on  the  bench. 
The  expected  accuracy  of  this  operation  should  also  be  in 
the  10  pm  range. 

7  CONCLUSIONS 

We  have  constructed  four  1-m  long,  strong-foctising 
undulator  sections,  located  their  magnetic  axes  and 
trimmed  the  peak-to-peak  trajectory  deviations  to  less  than 
one  wiggle  amplitude,  using  the  pulsed  wire  technique. 
We  can  locate  the  magnetic  axis  of  each  section,  measure 
fiducial  offsets  and,  it  is  hoped,  align  the  VISA  sections 
to  achieve  a  final  trajectory  error  well  below  the  required 
50  pm  rms. 
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Abstract 

In  recent  years  sufficient  success  was  achieved  in  the  mod¬ 
eling  and  optimization  of  beamlines  on  the  base  of  high- 
order  maps.  In  this  paper  a  new  approach  based  on  sym¬ 
bolic  representation  of  high-order  aberrations  in  matrix 
forms  is  described.  We  discuss  all  the  pros  and  cons  of 
such  approach. 

1  INTRODUCTION 

In  recent  years  many  accelerator  design  and  simulation 
codes  was  developed.  The  most  of  them  are  based  on  nu¬ 
merical  simulation  all  steps  of  modeling  process.  Among 
them  we  should  mention  the  works  by  J.Jrwin,  Y.T.  Yan  and 
their  colleagues  (for  example,  [1]),  the  work  by  E.Forest, 
K.Hirata  [2]  and  the  work  of  Leo  Michelotti  [3],  M.Berz 
[4].  Besides  these  there  are  several  works  devoted  to  the 
programming  design  using  modern  achievements  in  soft¬ 
ware  (see,  for  example,  [5]-[6]).  Unfortunately,  the  prob¬ 
lems  of  formalizing  of  the  tasks  of  beam  physics  in  many 
respects  remain  unsolved.  Their  solution  would  ensure  a 
capability  to  store  knowledge  obtained  as  results  of  com¬ 
puting  experiments,  to  fill  up  the  knowledge  base  with  new 
knowledge  without  destruction  of  its  structure,  to  use  the 
similar  objects  for  the  solution  of  the  different  problems 
arising  in  beam  physics.  On  the  one  hand,  the  development 
of  the  software  allows  to  introduce  into  modeling  practice 
symbolic  calculations  (methods  and  codes  of  computer  al¬ 
gebra),  modem  ideas  of  object-problem  modeling.  On  the 
other  hand  we  witness  an  enormous  growth  of  capabili¬ 
ties  of  modem  computer  technology,  for  example,  paral¬ 
lel  computers,  which  can  calculate  both  in  symbolic,  and 
in  numerical  modes.  There  are  rather  many  authors  who 
use  computer  algebra  in  their  investigations.  But  usually 
they  use  computer  algebra  codes  as  a  powerful  calculator. 
It  is  necessary  to  mention  the  works  of  B.Autin  and  his 
colleagues  who  try  to  use  computer  algebra  methods  and 
codes  maximal  widely  [8].  In  this  paper  we  suggest  a  new 
approach  which  is  based  on  symbolic  representation  of  nec¬ 
essary  information  on  the  one  hand  and  object-oriented  de¬ 
sign  approach  on  the  other  hand.  These  two  sides  of  model¬ 
ing  process  allows  to  create  flexible  and  powerful  codes  for 
particle  beam  study  including  high  order  aberrations  and 
space-charge  forces.  For  this  purpose  we  use  Component 
Object  Modeling  Technique  (COM-technique)  which  per¬ 
mits  to  ensure  for  wide  classes  of  beam  physics  problems 
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necessary  flexibility  and  efficiency  of  calculations,  and  si¬ 
multaneously  to  store  knowledge  during  usage  of  the  of¬ 
fered  COM-technique. 

2  BASIC  CONCEPTS  AND  IDEAS  OF 
THE  COM  -  TECHNIQUE 

The  object-oriented  design  based  on  the  usage  of  object- 
oriented  models  for  design  the  program  systems  and  their 
components.  Speaking  about  object-oriented  design,  we 
mean: 

•  Object-oriented  methodologies  (technology)  of  de¬ 
signing  program  systems. 

•  The  tools  maintaining  these  technologies. 

The  object-oriented  design  can  begin  at  the  very  first 
phase  of  biotic  cycle;  it  is  irrelevant  what  the  program¬ 
ming  language  will  be  used  for  implementation  of  the  de¬ 
veloped  program  system:  this  language  can  and  to  not  be 
object-oriented.  During  the  development  cycle  the  ob¬ 
jects  are  some  formal  designs  (for  example,  quadrupole 
as  physical  object)  bound  with  their  future  implementa¬ 
tion  on  one  of  the  programming  languages.  The  object- 
oriented  software  engineering  is  related  to  application  of 
object-oriented  methodologies  (technologies).  Usually 
these  object-oriented  methodologies  are  supported  by  tool 
software,  but  even  without  it  they  are  useful,  because  they 
allow  to  understand  different  aspects  and  properties  of  the 
developed  program  system  which  essentially  facilitates  im¬ 
plementation,  testing,  tracking,  and  designing  of  the  new 
versions  and  more  essential  modification. 

2. 1  Database  of  Physical  Control  Elements 

So,  before  the  development  of  the  software  we  should  cre¬ 
ate  the  structured  system  of  elementary  objects,  which  will 
allow  us  to  create  computer  model  for  the  fulfillment  of 
this  or  that  task.  Outgoing  from  the  designer’s  purposes 
of  beamline  systems,  it  is  necessary  to  create  database  of 
physical  control  elements.  The  point  is  that  for  the  different 
problems  even  the  concept  such  a  simple  object  as  a  drift 
will  essentially  differs.  As  a  basic  element  for  any  control 
element  we  shall  consider  so-called  ideal  object:  a  ideal 
drift,  ideal  quadrupole  and  so  on.  The  subsequent  com¬ 
plication  of  control  elements  is  implemented  on  the  uni¬ 
fied  information  frame  by  addition  of  new  properties.  Here 
we  deal  with  inheritance  paradigm  which  is  already  known 
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from  the  theory  of  object-oriented  design.  If  necessary 
each  object  of  this  constructed  database  is  accompanied  by 
the  help  information  ensuring  its  interactive  usage.  At  this 
phase  the  designer  deals  with  the  only  physical  information 
permitting  him  purposive  to  manipulation  of  control  ele¬ 
ments  from  the  database  and  to  create  the  personal  project. 
If  it  is  necessary  to  have  on  a  designer’s  desktop  the  struc¬ 
tural  map  of  a  constructed  system.  Such  map  can  be  built 
on  a  computer  display  or  in  an  iconic  kind,  or  in  a  selected 
scale  which  geometrical  parameters  of  the  objects. 

2.2  Formalization  of  the  Structure  Objects 
Database 

At  the  second  phase  of  designing  the  designer  addresses 
to  the  database  of  the  second  level,  which  contains  the  in¬ 
formation  on  parameters  of  units  ensuring  their  operation. 
Here,  first  of  all,  it  is  necessary  to  attribute  the  informa¬ 
tion  on  fields  generated  by  these  objects.  In  this  approach 
we  use  the  well  known  philosophy  of  a  perturbation  theory 
which  allows  to  structure  the  field  information.  The  fringe 
fields  can  be  included  using  virtual  (as  fringe  fields  do  not 
exist  without  element  by  itself)  object.  For  this  purpose  we 
use  a  database  of  model  functions  for  fringe  fields.  The 
selection  such  as  distributions  is  determined  by  a  principle 
of  the  adequate  description  of  experimental  data  and  effi¬ 
ciency  of  the  mathematical  description.  As  base  the  piece- 
wise  constant  approximating  of  distribution  of  fields  is  con¬ 
sidered.  The  selection  of  a  necessary  object  can  be  carried 
out  from  the  database  of  physical  objects.  It  is  necessary  to 
consider  a  problem  of  space-charge  forces  specifically.  In 
this  case  we  use  the  database  of  model  distributions  [5]. 

2.3  Motion  Equations  and  Matrix  Formalism 

The  knowledge  of  field  decomposition  in  used  objects  al¬ 
lows  us  to  define  the  approximation  order  for  the  motion 
equation  which  can  be  written  in  the  following  form  [6]: 

^  =  jr/pik(s)xw,  (i) 

k=0 

where  Plfc(s)  are  matrices  depending  on  field  and  its 
derivatives  values  calculated  on  an  electrical  axis  of  a  con¬ 
trol  object.  Using  of  the  information  of  the  database  of  the 
second  level  (field  of  objects)  we  constraint  the  database  of 
the  third  level  —  database  of  matrices,  which  appropriate 
to  used  objects.  According  to  the  matrix  formalism  concept 
the  basic  objects  are  the  matrices  P11(s),  that  are  trans¬ 
fer  matrices  for  ideal  objects  with  independence  from  the 
fields.  The  matrices  Plfc  (k  >  2)  can  be  calculated  for 
rather  wide  class  of  functional  dependence  from  .  Thus, 
objects  of  the  third  level  database  are  the  matrices  Plfc, 
calculated  in  symbolic  forms  using  computer  algebra  codes 
(for  example,  MAPLEV )  up  to  some  approximation  or¬ 
der  N.  Similarly  we  can  construct  the  other  matrices  which 
are  necessary  for  our  modeling  process  [7]. 


2.4  The  Solutions  of  Motion  Equation 

Following  the  matrix  formalism  concept  solution  of  motion 
equation  (1)  is  searched  as 

OO 

X(s)  =  '£Mlk(s\s0)XW,  (2) 

k=0 

X0  =  X(s0),  Mlfc  =  M11  ■  Qlk,  k>  1. 

According  to  our  approach  we  build  the  fourth  level 
database.  It  is  necessary  to  note,  that  this  database,  as  well 
as  previous,  consists  of  two  parts:  first  contains  block  ma¬ 
trices  M11  —  linear  transfer  matrices  for  control  elements, 
the  second  contains  block  matrices  Qlfc,  describing  aberra¬ 
tions  generated  in  the  corresponding  control  element.  Simi¬ 
larly  we  compute  block  matrices  M11,  Qu,  describing  the 
contribution  of  space-charge  forces.  These  matrices  de¬ 
pend  on  model  distribution  functions  of  the  space-charge 
in  a  phase  (or  configuration)  space. 

2.5  Selection  of  Local  Coordinate  Systems 

For  each  control  element  there  is  some  coordinate  system, 
where  the  motion  equation  has  a  simplest  form.  Such  co¬ 
ordinate  system  is  selected  as  base  one,  and  in  this  coor¬ 
dinate  system  we  evaluate  both  matrix  Plfc,  and  matrix 
M11,  Qlk.  The  transition  from  local  coordinate  systems  to 
a  global  system  (used  for  description  of  the  total  beamline 
system)  is  realized  using  transformation  matrices  of  coordi¬ 
nate  systems  T.  Such  set  of  matrices  makes  content  of  one 
of  auxiliary  databases.  In  particular,  the  transfer  matrix  for 
a  solenoid  has  an  extremely  simple  form  in  a  rotated  coor¬ 
dinate  system,  therefore  such  matrix  Plfc  and  correspond¬ 
ing  matrices  Mu  enter  in  the  appropriate  database.  For 
implementation  of  direct  calculations  we  use  a  homothetic 
transformation  for  return  to  the  global  coordinate  system. 

3  SYMBOLIC  OPERATIONS 

For  realization  of  a  simulation  procedure  we  should  con¬ 
struct  as  from  LEGO  blocks  a  beamline  system  either  in 
the  language  of  motion  equation  (using  matrix  P1*),  or  in 
the  language  of  evolution  matrices  M1  ,  describing  time 
evolution  of  particle  beam.  If  the  necessary  matrix  object 
is  missing  in  the  appropriate  database,  we  should  use  one 
of  computing  modules  to  calculate  a  required  matrix  in  the 
symbolic  form  and  then  to  update  the  database.  Let’s  re¬ 
mark,  that  for  this  purpose  we  use  the  program  package 
(in  codes  MAPLE  V  and  REDUCE)  ensuring  the  neces¬ 
sary  operations  with  non-commutative  objects  (for  exam¬ 
ple,  for  the  CBH-formula)  and  with  matrices  (using  of  the 
extended  matrix  operations  such  as  Kronecker  sums  and 
products).  The  existing  symmetries  allow  to  use  a  block 
structure  of  matrices  and  for  the  reduction  of  matrix  di¬ 
mensions  Mlfc,  that  essentially  reduces  computing  costs 
(especially  for  the  high  orders  of  approximation  N ).  Let’s 
remark  also,  that  for  the  research  of  a  long-time  evolution 
of  beams  there  is  a  necessity  to  construct  evolution  matrices 
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on  large  intervals.  In  this  case  representation  by  matrices 
allows  us  to  decrease  temporary  costs  of  calculations  es¬ 
sentially.  This  has  allowed  to  study  explicitly  enough  the 
processes  in  extract  resonance  system  [8]  and  problem  of 
influence  of  space-charge  forces  (for  example,  the  problem 
of  a  halo  formation  [9-10]). 

4  COMPUTER  EXPERIMENT 

In  this  paper  for  realization  of  the  approach  described 
above  we  use  the  system  of  RAD  —  DELPHI,  per¬ 
mitting,  on  the  one  hand,  to  build  simply  a  user  inter¬ 
face,  and  on  the  other  hand,  to  use  the  dynamic  modeling 
paradigm  [11-12]  for  computing  experiments  using  pre¬ 
pared  databases.  Moreover,  latest  versions  of  DELPHI 
allow  to  implement  the  client-server  technology  and  thus 
distributed  calculations  concepts.  The  second  moment, 
which  it  is  necessary  to  point,  is  related  to  a  capability  of 
wide  application  of  paralleling  procedures  for  calculations. 
The  point  is  that  the  matrix  formalism  admits  parallel  pro¬ 
cessing  realization  naturally  as  the  beam  simulation  prob¬ 
lems  can  be  resolved  by  manipulation  with  matrix  objects. 
Thus  the  parallel  calculations  can,  basically,  be  performed 
both  in  numerical,  and  in  symbolic  modes. 
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Abstract 

An  integrated  expert  system  has  been  developed  to  solve 
the  charge  particle  beam  optics  problems  [1,2].  The  optics 
elements  are  a  drift  space,  a  bending  magnet,  a 
quadrupole,  a  sextupole,  an  octupole,  a  solenoid,  an 
accelerating  tube  and  some  elements  introduced  by  the 
users.  BEAMJLINER  is  coded  by  the  C++  language  and 
the  UNIX  operation  system  with  a  graphical  user-oriented 
interface  on  the  PC  Pentium  II. 

1.  Introduction. 

The  user-oriented  interface  is  created  allowing  to  solve 
the  beam  matching  problem,  to  compute  of  betatron 
functions,  of  phase  advances  and  to  investigate  other 
problems.  The  beam  motion  is  described  on  of  the 
envelopes  (of  P-functions)  and  the  frequencies  of  betatron 
oscilations  (what  is  by  the  ideology  of  the  methods  of  the 
snooping  abroad  of  phase  multitude).  The  motion  of  the 
single  particles  of  the  beam  (trajectories)  is  described  on 
the  simple  language  of  the  transfer  matrixes.  But  it  is 
possible  by  the  numerical  integration,  also. 

2.  The  description  of  member  functions 
and  the  class  structure. 

BEAMJLINER  is  written  by  means  of  object-oriented 
design  [3]  in  X  Window  system  without  the  using  of  ready 
libraries  of  control  elements  (such  as  Motif,  Athena  and 
etc.).  That  is  why  we  created  some  minimal  set  of  classes 
which  are  necessary  for  the  building  of  user-oriented 
interface  (some  buttons,  the  edit  boxes,  the  message 
boxes,  etc).  Moreover,  we  created  the  base  class 
(Xelement)  for  the  representation  of  elements,  of  which 
the  system  of  beam  optics  itself  is  to  be  constructed. 
Below  we  will  describe  four  from  the  set  of  elements: 
those  are  a  drift  of  space,  a  quadrupole,  a  solenoid,  and 
dipole.  For  them  we  created  four  different  classes  - 
successors  of  Xelement.  Fact  is  that  all  classes  of  control 
elements  are  successors  of  one  abstract  base  class  and 
inherit  its  member  functions  -  that  allows  to  curtail  greatly 
the  measures  of  the  main  loop  which  receives  and  handles 
the  events.  The  using  of  virtual  functions  lets  us  not  to  re¬ 
write  the  same  fragments  of  code  for  the  elements  of 
different  types. 


*  Work  supported  in  part  by  Russian  Federal  Program  ‘Integration’, 
contract  No.  K0085. 
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In  header-files  objl.h,  obj2.h  are  described: 

1)  Abstract  class  Xobject 

2)  Class  Xbut,  successor  of  Xobject 

3)  Class  Xbutl ,  successor  of  Xbut 

4)  Class  Xfield,  successor  of  Xobject 

5)  Abstract  class  Xelement. 

6)  Class  Xdrift,  successor  of  Xelement. 

7)  Class  Xquadro,  successor  of  Xelement. 

8)  Class  Xdipol,  successor  of  Xelement. 

9)  Class  Xsolen,  successor  of  Xelement. 

2a.  Classes  of  control  elements: 

class  Xobject 
{  public:  Display  *dis; 

Drawable  win;  /*main  window’s  descriptor*/ 

GC  *prGC;/*points  at  the  structure  of  graphic 
context*/ 

unsigned  int  x;  unsigned  int  y;  unsigned  int  dx; 
unsigned  int  dy;  unsigned  short  deep;  unsigned  short 
cr;  unsigned  short  col;  char  title  [20];  char  text  [20]; 
int  f;  unsigned  short  tp;  virtual  void  show  ();  virtual 
void  hide  ();  virtual  void  set_p(); 
virtual  void  clickl  ();  virtual  void  click2  (); 
virtual  void  key_pressed  (char,  int);  Xobject  (Display, 
Drawable,  GC,  unsigned  int,  unsigned  int,  unsigned 
int,  unsigned  int);}; 

class  XBut:  public  Xobject 
[public:  unsigned  short  deep;  unsigned  short  cr; 
void  hide  ();  virtual  void  clickl  ();  void  click2  (); 
void  key_pressed  (char,  int);  void  show  ();  void 
show_pr  (); 

XBut  (Display,  Drawable,  GC,  unsigned  int,  unsigned 
int,  unsigned  short,  unsigned  short,  unsigned  short, 
char,  unsigned  short,  unsigned  short);}; 

class  XButl:  public  Xbut 

[public:  void  clickl  ();  XButl  (Display,  Drawable, 

GC,  unsigned  int,  unsigned  int,  unsigned  short, 
unsigned  short,  unsigned  short,  char,  unsigned  short, 
unsigned  short); } ; 

class  Xfield:  public  Xobject 

[public:  unsigned  short  p;  void  get_symbol  (char,  int); 
void  set_p  ();  void  show  ();  void  clickl  (); 
void  click2  ();  void  hide  ();  void  key_pressed  (char, 
int);  Xfield  (unsigned  int,  unsigned  int,  unsigned 
short,  unsigned  short,  char,  Display,  Drawable,  GC, 
unsigned  short);}; 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Here  dis  points  on  the  main  display,  win  is  the  descriptor 
of  window  which  owns  an  object,  prGC  points  at  the 
structure  of  the  graphic  context  of  window,  x,  y,  dx,  dy  are 
coordinates  of  upper  left  corner  and  the  measures  of  an 
object,  accordingly.  All  these  parameters  are  handed  over 
when  the  constructor  is  being  called.  Fields  deep  and  cr 
matter  only  for  Xbut  and  Xbutl  classes,  they  define  the 
geometry  of  buttons  (for  example,  deep  defines  the 
thickness  of  buttons),  as  well  as  field  f  is,  which  indicates 
if  the  button  is  pressed  or  not.  Col  value  defines  the  color 
of  an  object,  line  title  contains  inscription  on  button,  or 
over  the  edit  box  in  case  of  Xfield,  and  text  line  is 
appointed  to  store  a  text,  inputed  by  user.  At  the  window’s 
creation  it  is  being  defined  by  masks,  that  only  Expose, 
MotionNotify,  KeyPress,  and  ButtonPress  events  will  be 
handled  in  main  loop.  Event  Expose,  forcing  window  to 
redraw  itself,  comes,  for  example,  with  hitting  one  of 
buttons  or  with  the  text  appearance  or  changing  in  an  edit 
box;  certainly,  all  control  elements  will  be  re-drawn  in 
updated  state.  When  one  of  three  last  events  is  being 
intercepted,  program  looks  through  the  array  which 
contains  pointers  at  all  existing  control  objects  (the 
pointers  are  of  Xobject  *  type).  Using  of  virtual  functions 
lets  us  to  use  this  single  scheme  of  objects’  reaction  on 
incoming  events,  though  different  classes  may  react 
differently. 

Virtual  functions  clickl  (),  click2  (),  key_pressed  (char, 
int),  inherited  by  all  classes  -  successors  of  Xobject  - 
define,  how  an  object  should  respond  on  clicking  with  the 
left  or  right  mouse  key,  or  on  events  from  keyboard, 
accordingly.  Show()  and  hide()  functions  are  responsible 
for  showing/hiding  some  object  when  window  is  being 
updated.  Class  Xfield  ignores  Buttonpress  events,  the  text 
box  becomes  active  in  the  very  moment  the  mouse's 
cursor  comes  in  its  borders.  Besides,  class  Xfield  has 
special  member  function  get_symbol  (...)  for  the  input  and 
processing  of  information,  coming  to  edit  box.  Only  this 
class  really  treats  this  event  (classes  Xbut  and  Xbutl  just 
ignore  its). 

2b.  Classes  Xelement,  Xdrift,  Xquadro,  Xdipol, 
Xsolen: 

class  Xelement 

{public:  Display  *dis;  Drawable  win;  Drawable  win2; 

GC  *prGC;  unsigned  short  obj_type;  unsigned  int 
num;  double  lenght;  unsigned  int  col;  char  name  [20]; 
void  show  (unsigned  int);  void  OpenWin2  (unsigned 
int,  unsigned  int);  void  respond  (unsigned  int, 
unsigned  int);  Xelement  (double,  unsigned  int, 

Display,  Drawable,  GC,  unsigned  short);  virtual 
double  get_el  ();  virtual  double  get_e2  ();  virtual  void 
set_el  (double);  virtual  void  set_e2  (double);  virtual 
double  get_B  ();  virtual  void  set_B  (double);}; 

class  Xdrift:  public  Xelement 
{public:  Xdrift  (double,  double,  unsigned  int,  Display, 
Drawable,  GC,  unsigned  short);  void  set_el  (double); 
void  set_e2  (double);  void  set_B  (double);  double 


get_el  ();  double  get_e2  (); 
double  get_B  ();}; 

class  Xquadro:  public  Xelement 
{public:  Xdrift  (double,  double,  unsigned  int,  Display, 
Drawable,  GC,  unsigned  short); 
void  set_el  (double);  void  set_e2  (double);  void 
set_B  (double);  double  get_el  ();  double  get_e2  (); 
double  get_B  ();  private:  double  B; } ; 

class  Xdipol:  public  Xelement 
{ public:  Xdrift  (double,  double,  unsigned  int,  Display, 
Drawable,  GC,  unsignedshort); 
void  get_el  (double);  void  set_e2  (double);  void 
set_B  (double);  double  get_el  ();  double  get_e2  (); 
double  get_B  ();  private:  double  B;  double  el;  double 
e2; } ; 

Class  Xelement  and  it's  successors  demand  particular 
description,  dis,  win  and  prGC  values  have  the  same 
specification,  as  in  class  Xobject.  Descriptor  win2  is 
appointed  to  access  to  control  panel,  which  opens  with  the 
hitting  of  the  right  key  of  mouse.  Panel  is  necessary  to  set 
values  of  the  parameters  of  elements.  After  all  values  had 
been  set,  function  respond  (...)  is  called,  which  in  its  turn 
calls  function  OpenWin2  (...),  assigning  recommendations 
to  the  windows  manager  and  creating  window  for  panel, 
and  then  launches  the  main  loop  to  intercept  and  handle 
the  events.  Window  contains  several  edit  boxes  and  a 
button,  which  has  to  be  hit  to  stop  the  loop,  and  then  the 
characteristic  values  of  elements  admit  meanings  stated  in 
corresponding  edit  boxes. 

All  constructors  and  the  member  functions  of  classes  are 
described  in  header  files  obj2.h,  obj3.h,  and  obj_draw.cpp 

3.  The  interface  description. 

The  whole  code  of  program  is  split  into  separately 
compilable  modules.  Module  main.cpp  contains  function 
main,  which  fills  objects  array,  creates  the  main  program's 
window  and  launches  the  main  loop.  Main  loop  acts  in  the 
following  way:  in  the  moment  when  next  event  has  been 
received,  an  array  of  objects  is  being  looked  through.  If 
the  mouse's  cursor  were  located  in  the  frontiers  of  an 
object  (lets  call  such  an  object  "active”),  then  it's 
corresponding  response-function  and  then  function 
ResponseTable,  residing  in  file  response.cpp,  are  being 
called.  After  they  finished,  the  window  is  to  be  updated.  If 
the  right  key  of  mouse  (rEvent.  type=ButtonPress, 
rEvent.  xbutton.  button==Button2)  were  pressed  while 
cursor  were  located  over  the  special  position,  averted  for 
an  element  then,  in  case,  if  this  position  were  not  empty,  a 
respond(...)  element’s  member  function  is  being  called.  If 
it  was  left  key  (rEvent.  type==ButtonPress,  rEvent. 
xbutton.  button=Buttonl),  while  cursor  where  over  one 
of  the  positions,  then  an  element  defined  by  significance 
obj_flag  (this  significance  changes  by  hitting  one  of  the 
buttons  -  Drift,  Quadro,  Solenoid,  Dipol)  is  being  placed 
in  the  position.  All  values,  characterizing  element,  are 
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assigned  to  equal  zero  by  the  default  and  may  be  changed 
later  in  the  function  respond^..),  or  an  element  maybe 
destroyed.  By  the  hitting  of  button  SAVE  created 
configuration  will  be  stored  in  file  with  the  name,  given  in 
edit  box  filename.  Previously  saved  configuration  maybe 
downloaded  later  again  by  the  hitting  of  LOAD  button  (all 
corresponding  functions  are  described  in  file 
load_save.cpp).  File  is  just  a  sequence  of  records,  which 
contain  the  type  of  element  and  it’s  values.  While  loading, 
they  are  being  read  one  after  one,  and  elements  are  being 
placed  in  corresponding  positions.  Finally,  Quit  button 
brings  to  exit  from  program  without  saving  of  current 
configuration. 

Buttons  Drift,  Quadro,  Solenoid  and  Dipol  serve  to  select 
the  elements,  button  NEW  destroyes  the  configuration  and 
cancels  all  settings.  Algorithm,  calculating  the  trajectory 
itself,  starts  working  with  the  hitting  of  Go  button. 

rec_col.cpp  module  also  contains  receive_colors(...) 
function,  which  defines  colors.  One  of  the  first  actions, 
performed  by  function  main  after  standard  procedures  - 
the  setting  connection  with  graphic  server,  the  definition 
of  the  number  of  main  screen,  and  so  on  -  is 
receive_colors()’s  call;  as  a  result,  global  variables  which 
contain  color  values  are  defined.  Uconv.cpp  contains 
several  accessorial  functions,  usefull  for  the  conversion  of 
type  char  in  double,  and  etc. 


Fig.l.  The  base  modules  of  the  program. 


Drawing  itself  is  performed  by  function  Draw  which  uses, 
in  its  turn,  special  graphic  library  PIPlot  [4]. 

All  global  variable,  constants  and  the  prototypes  of 
functions  are  described  in  header  files  init.h,  init2.h. 

More  discriptions  are  avaible  in  [5], 
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TOCA  :  A  HIGHLY  USER  FRIENDLY  APPLICATION  PROGRAM 
FOR  THE  TUNE,  ORBIT,  DISPERSION  AND  CHROMATICITY 

CORRECTION 

F.  Iazzourene,  Sincrotrone  Trieste,  Trieste,  Italy 


Abstract 

In  order  to  ease  and  speed  up  the  intervention  of  the 
operators  on  the  machine  optics  parameters,  e.g.  the  orbit 
correction,  a  highly  user  friendly  application  program  has 
been  developped  and  fully  used  from  the  start  of  last  year 
(1998).  The  program  allows  the  acquisition  and  correction 
of  the  closed  orbit,  the  dispersion,  the  tune  and  the 
chromaticity  in  the  storage  ring,  and  the  acquisition  and 
correction  of  the  trajectory  along  the  transfer  line  and  the 
first  turn  in  the  storage  ring,  with  a  minimum 
intervention  of  the  operator.  The  correction  strengths  are 
calculated  using  calculated  theoretical  optics  or  measured 
response  matrix.  The  methods  of  correction  implemented 
are  the  SVD  method  and  for  the  orbit  and  the  trajectory 
also  the  MICADO  method. 

1  INTRODUCTION 

Going  towards  an  increased  automation  of  machine 
parameter  characterization,  a  highly  user  friendly  multitask 
application  program,  TOCA'  (Tune,  Orbit,  Chromaticity 
Application  program)  ,  has  been  developpedfl].  The 
program  is  written  in  C  and  the  graphical  user  interface  is 
based  on  the  XI 1  Motif  toolkit.  Its  main  panel  is  shown 
in  the  figure  1.  The  first  vertical  window  is  dedicated  to 
the  trajectory  along  the  transfer  line  and  the  first  turn  in 
the  storage  ring,  and  to  the  orbit  and  dispersion  in  the 
storage  ring.  The  second  and  the  third  ones  are  dedicated 
to  the  tune  and  the  chromaticity  respectively.  Each 
window  has  at  the  bottom  three  buttons  :  MEASURE 
ONLY,  MEASURE-CORRECT-MEASURE  and  UNDO 
CORRECTION.  The  first  window  has  also  MEASURE 
and  PLOT  to  get  a  plot  of  the  selected  trajectory  or  the 
orbit  and/or  dispersion.  Figure  2  shows  the  plot  of  the 
orbit  measured  during  a  shift.  The  user  gets  the  mean, 
rms,  the  min,  max  and  the  peak  to  peak  value  on  the  plot. 
Using  the  arrows  of  the  keypad,  the  user  can  get  on  the 
plot  the  name  of  the  monitor  and  the  position  of  the  beam 
at  the  monitor,  or  the  dispersion  for  a  plot  of  the 
dispersion.  The  scales  are  done  by  the  program.  The 
program  performs  the  requested  tasks  without  any 
intervention  of  the  user.  Furthermore,  the  button  UNDO 
CORRECTION  becomes  sensitive  only  after  the  user  has 
done  a  correction.  The  button  ,  MEASURE-CORRECT- 
MEASURE  for  the  trajectory,  orbit  and  dispersion 
becomes  sensitive  only  after  the  user  has  selected  the 
plane  on  which  he  wished  to  correct,  etc...  The  one  go 
multitask  style  of  the  program  is  not  however  a  complete 
black  box  for  the  user.  In  the  window  at  the  bottom  of  the 
main  panel,  the  program  writes  in  step  by  step  every 


1  The  new  name  for  the  program  Orbit-OpticsOptimization. 


action  undertaken  and  refers  in  any  useful  information  for 
the  user,  for  example  the  results  of  the  correction  ,  the 
error  messages,  etc....  The  text  can  be  printed  by  simply 
clicking  in  the  “print”  of  the  text  menu. 


Figure  1 :  Main  panel  of  the  application  program  TOCA. 


Figure  2:  Measured  closed  orbit  during  a  shift. 


To  speed  up  and  ease  the  intervention  of  the  user,  all  the 
selections  which  are  more  frequent  are  preselected  when 
the  application  is  started.  For  example,  the  chosen  system 
is  the  storage  ring,  the  families  of  quadrupole  power 
supplies  for  the  tune  correction  are  PSQ2  and  PSQ3, 
instead  of  PSQ2  and  PSQ1,  as  the  quadrupoles  Q3  are 
better  decoupled  from  the  quadrupoles  Q2  than  the 
quadrupoles  Ql;  the  requested  values  for  the  tune  and  the 
chromaticity  are  preset  to  the  most  requested  values;  the 
method  of  correction  for  the  orbit  correction  is  SVD, 
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etc....  The  data  needed  by  the  program  is  predefined,  so 
that  the  user  can  start  any  task  directly.  Some  of  the  data 
are  anyway  available  to  the  user  via  two  temporary  files 
created  each  time  the  user  starts  the  application,  so  that  he 
can  change  them  as  wished.  There  are  two  input  files,  one 
for  the  storage  ring,  the  other  for  the  transfer  line.  A 
special  effort  is  done  to  control  the  data  changed  by  the 
user  to  avoid  dangerous  mishandlings.  A  temporary  output 
file  contains  a  summary  of  all  the  measured  parameters: 
orbit, dispersion, tune,  chromaticity  and  trajectory  together 
with  the  beam  energy  and  the  time  of  acquisition. 

2  CORRECTION  METHODS 

It  is  well  known  that  the  SVD  method  allows  a  good  rms 
orbit  correction  with  minimum  corrector  strengths  as 
compared  to  the  other  methods  of  correction.  The  chosen 
method  is  thus  SVD  for  the  orbit  and/or  dispersion 
correction  in  the  storage  ring,  and  also  for  the  correction 
of  the  beam  trajectory  along  the  transfer  line.  The  method 
is  also  used  for  the  tune  and  chromaticity  correction  for 
sake  of  generality.  For  the  orbit  and  the  trajectory,  the 
MICADO  method  is  also  available,  but  we  mostly  use  it 
to  find  eventual  defective  correctors  rather  than  for  a 
correction  of  the  beam  orbit  or  trajectory.  By  default  the 
method  of  correction  is  SVD.  The  user  can  choose 
MICADO  method  by  changing  a  number  0  to  1,2,3, 
etc...,  for  a  MICADO  method  with  1,2,3,  etc...  correctors 
in  the  transfer  line  input  file  for  the  beam  trajectory 
correction,  or  the  storage  ring  input  file  for  the  correction 
of  the  beam  orbit  in  the  storage  ring.  The  spurious 
dispersion  can  be  corrected  with  the  SVD  method.  As  a 
correction  of  the  dispersion  alone  worsens  usually  the 
closed  orbit,  the  user  is  forced  to  simultaneously  correct 
both  the  orbit  and  dispersion,  so  to  select  both  orbit  and 
dispersion.  The  orbit  correction  is  weighted  via  the  ratio 
of  the  first  eigen  values  found  for  the  orbit  and  the 
dispersion  separately  and  a  factor  preset  to  1 .  To  correct 
the  dispersion  alone,  the  user  can  set  this  factor  to  0.  As 
the  program  is  forseen  to  be  used  by  non  physicists,  the 
program  sets  limits  not  only  on  the  maximum  corrector 
strengths  but  also  on  the  additional  correctors  kicks.  The 
program  makes  also  a  severe  control  on  the  changed  data 
and  sets  them  to  safe  values  if  the  user  enters  values  above 
the  maximum  allowable.  Furthermore,  if  the  number  of 
eigen  values  chosen  by  the  user  lead  to  kicks  or/and 
additional  kicks  above  the  maximum  values,  the  program 
does  not  scale  the  kicks,  instead,  it  decreases  the  number 
of  eigen  values  and  searches  for  new  correctors  strengths 
up  to  where  the  results  are  within  the  limits. 

3  RESPONSE  MATRIX 

The  response  matrix  can  be  constructed  from  the  calculated 
optics,  using  the  well  known  theoretical  response 
matrices,  or  measured  on  the  machine.  By  default,  the 
program  creates  the  response  matrix  from  the  calculated 
optics.  To  use  the  measured  response  matrix,  the  user 


simply  opens  the  window  found  in  the  menu  “auxiliary” 
and  measures  the  response  matrix  by  clicking  in  a  button 
“MEASURE  RESPONSE  MATRIX”,  if  not  done  yet, 
then  select  “Measured  response  matrix”.  For  the  tune, 
there  is  also  what  is  called  in  the  program  “calculated 
sensitivity  matrix”  which  constructs  the  response  matrix 
via  changes  of  the  quadrupoles  strengths,  in  theory  and  not 
on  the  ring,  and  the  computation  of  the  changed  tunes.  It 
is  a  calculated  response  matrix  using  the  change  of  the 
tune  rather  than  the  specific  optics  at  the  quadrupoles.  The 
results  of  the  correction  give  usually  better  results  than 
those  using  the  calculated  |3s  at  the  quadrupoles.  For  the 
tune  and  chromaticity,  the  efficiency  of  the  measured 
response  matrix  as  compared  to  the  theoretical  one, 
depends  largely  on  the  tune  system  measurement  accuracy 
and  resolution  and  also  on  the  stability  of  the  beam.  For 
the  tune,  there  is  also  the  compromise  between  a  large 
enough  change  of  the  tune  to  be  able  to  see  the  difference 
together  with  the  care  of  not  crossing  some  resonance.  In 
this  respect,  values  have  been  preset  which  allow  a  safe 
tune  change  during  the  response  matrix  measurement, 
which  take  into  account  that  the  horizontal  tune  is  0.299. 
At  Elettra,  the  use  of  the  response  matrix  can  be  helpful 
when  the  beam  energy  is  larger  than  2  GeV  where  the 
quadrupoles  and  particularly  the  bending  magnets  are 
highly  in  saturation  and  the  optics  are  much  less  known. 
The  response  matrix  can  be  measured  for  the  orbit  and  the 
dispersion.  The  efficiency  of  the  measured  response 
matrix  depends  of  course  on  the  BPMs  accuracy  and 
resolution,  but  also  on  the  stability  of  the  beam.  The  user 
can  hide  from  the  program  any  monitor  or  corrector 
simply  by  writing  in  the  input  file  the  name  of  the 
monitor  or  the  corrector  power  supply  followed  by  0. 
They  can  be  seen  again  by  the  program  simply  by 
changing  the  0  to  1  or  by  commenting  or  deleting  the 
line.  This  can  be  done  for  both  the  measurement  of  the 
orbit  and/or  dispersion,  and  for  the  measurement  of  the 
response  matrix.  The  program  takes  care  that  the  monitors 
and  correctors  ignored  or  found  bad  during  the 
measurement  of  the  response  matrix  are  also  ignored  when 
it  calculates  the  new  correctors  strengths  even  if  the  user 
might  have  set  the  flags  differently  during  the  correction 
or/and  the  measurement  of  the  orbit  or  the  dispersion.  For 
the  transfer  line,  the  input  file  is  created  with  known 
defective  or  taken  away  monitors  with  flag  0. 

4  OTHER  TOOLS 


4. 1  Correctors  scaling 

The  correctors  can  be  scaled.  The  window  is  under 
“auxiliary”  menu. 

4.2  Correction  with  respect  to  a  reference  orbit 

The  correction  of  the  orbit  can  be  performed  with  respect 
to  a  reference  orbit.  The  user  opens  the  window  under 
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“auxiliary”  menu.  He  can  acquire  the  reference  orbit,  plots 
it,  acquire  it  again,  and  go  back  to  the  previous  acquired 
one.  To  do  the  correction  with  respect  to  that  reference 
orbit,  he  just  selects  “yes”  in  the  window. 

4.3  Tune  server 

For  the  tune  measurement,  the  program  accesses  the  tune 
server  and  locks  it  so  that  no  other  user  can  access  it.  The 
program  then  searches  the  peaks,  reads  the  tunes,  and  so 
on.  The  tune  server  is  released  when  the  user  exits  from 
the  application  program.  To  free  the  server  while  the 
application  program  is  running,  the  user  simply  clicks  in 
“yes”  on  the  “release  tune  server”  widget  which  is  under 
the  menu  “auxiliary”. 

4.3  Tune  diagram 

The  user  can  view  the  theoretical  tune,  the  measured  tune 
and  a  selected  working  point  on  a  tune  diagram  by  simply 
clicking  in  “tune  diagram”  under  the  menu  “auxiliary”. 
This  tool  has  been  provided  to  get  a  quick  comparison 
between  the  theoretical  tune  and  the  measured  one,  to 
check  new  tune  position,  and  so  on  (figure  3). 
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Figure  3:  Tune  diagram  taken  during  a  shift  with 
theoretical  tune  (blue),  measured  tune  (orange)  ,  user  tune 
(green). 
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Abstract 

For  physicists  and  engineers  involved  in  the  design  and 
analysis  of  beamlines  (transfer  lines  or  insertions)  the  lat¬ 
tice  function  matching  problem  is  central  and  can  be  time- 
consuming  because  it  involves  constrained  nonlinear  op¬ 
timization.  For  such  problems  convergence  can  be  diffi¬ 
cult  to  obtain  in  general  without  expert  human  intervention. 
Over  the  years,  powerful  codes  have  been  developed  to  as¬ 
sist  beamline  designers.  The  canonical  example  is  MAD 
(Methodical  Accelerator  Design)  developed  at  CERN  by 
Christophe  Iselin[3],  MAD,  through  a  specialized  com¬ 
mand  language,  allows  one  to  solve  a  wide  variety  of  prob¬ 
lems,  including  matching  problems.  Although  in  principle, 
the  MAD  command  interpreter  can  be  run  interactively,  in 
practice  the  solution  of  a  matching  problem  involves  a  se¬ 
quence  of  independent  trial  runs.  Unfortunately,  but  per¬ 
haps  not  surprisingly,  there  still  exists  relatively  few  tools 
exploiting  the  resources  offered  by  modem  environments  to 
assist  lattice  designer  with  this  routine  and  repetitive  task. 
In  this  paper,  we  describe  a  fully  interactive  lattice  match¬ 
ing  program,  written  in  C++  and  assembled  using  freely 
available  software  components.  An  important  feature  of  the 
code  is  that  the  evolution  of  the  lattice  functions  during  the 
nonlinear  iterative  process  can  be  graphically  monitored  in 
real  time;  the  user  can  dynamically  interrupt  the  iterations 
at  will  to  introduce  new  variables,  freeze  existing  ones  into 
their  current  state  and/or  modify  constraints.  The  program 
runs  under  both  UNIX  and  Windows  NT. 

1  INTRODUCTION 

Until  just  a  few  years  ago,  research  software  was  difficult  to 
localize  and  the  distribution  mechanisms  were  inefficient, 
making  it  difficult  to  build  upon  work  done  by  others.  The 
internet  has  dramatically  altered  this  state  of  affairs.  Be¬ 
fore  attacking  a  problem,  it  is  now  the  norm  to  acquire  and 
study  existing  source  code.  In  this  paper,  I  describe  the 
BeamLine  Interactive  Matching  Program  (BLIMP),  an  in¬ 
teractive  lattice  design  application  assembled  with  various 
freely  available  software  components.  The  objective  is  not 
to  compete  with  commercial  products,  but  rather  to  provide 
an  application  that  can  be  modified  and  adapted  to  meet 
specialized  needs.  There  are  few  available  non-commercial 
interactive  applications  to  perform  beamline  design.  A 
well-known  example  is  TRACE3D,  which,  despite  being 
written  in  Fortran  more  than  twenty  years  ago  and  adapted 
for  interactive  usage  around  1988  is  still  widely  used. 

The  design  goals  for  BLIMP  were  the  following:  (1) 
given  a  nominal  description  of  a  beamline,  allow  a  user  to 
specify  all  aspects  of  a  matching  problem  interactively  (2) 
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provide  graphical  feedback  and  allow  the  user  to  dynami¬ 
cally  interrupt  a  nonlinear  iteration  to  change  the  state  of 
variables  and  constraints.  As  it  stands  now,  BLIMP  is  still 
work  in  progress;  nevertheless,  basic  features  have  been 
implemented  and  are  fully  functional. 

2  THE  MATCHING  PROBLEM 

The  matching  problem  is  a  common  lattice  design  problem. 
It  can  be  simply  stated  as  follows:  given  a  beamline  and 
a  set  of  lattice  functions  specified  at  one  extremity,  deter¬ 
mine  the  strength  and/or  longitudinal  position  of  beamline 
elements  necessary  for  the  lattice  functions  to  assume  cer¬ 
tain  specified  values  at  one  or  more  distinct  locations.  The 
problem  arises  typically  in  the  following  situations:  (a)  a 
beamline  is  needed  to  transfer  beam  from  one  circular  ma¬ 
chine  to  another  (b)  a  beamline  with  special  optical  prop¬ 
erties  is  to  be  inserted  into  the  regular  lattice  of  a  circular 
machine  without  perturbing  the  region  lying  outside  of  it. 

In  most  situations  of  practical  importance,  horizontal 
and  vertical  motion  are  decoupled  and  a  beamline  is  to  first 
order,  completely  characterized  by  a  set  of  ten  quantities: 
0x,y>  Ox.y.  Vx,y  and  T)'x  y,  where  (3  and  a  are  the  fa¬ 
miliar  Courant-Snyder  functions,  /i  is  the  phase  advance 
and  T)  and  rf  are  respectively  the  dispersion  and  its  deriva¬ 
tive  with  respect  to  the  longitudinal  coordinate.  The  effect 
of  a  mismatch  in  77'  is  often  ignored;  it  is  also  common  not 
to  constrain  the  phase  advance. 

3  CODE  STRUCTURE 

BLIMP  is  written  in  ANSI  standard  C++  and  makes  use  of 
the  Standard  Template  Library.  Variables  are  defined  inde¬ 
pendently  of  basic  beamline  elements  and  can  in  principle 
involve  arbitrary  linear  combinations  of  element  strengths, 
making  possible  the  definition  of  families  of  elements  shar¬ 
ing  a  common  power  source.  The  user  can  dynamically  de¬ 
fine  both  local  and  global  constraints.  Typically,  local  con¬ 
straints  involve  equalities  while  global  constraints  involve 
inequalities  (e.g.  f3  function  smaller  than  a  prescribed  max¬ 
imum).  Figures  1  and  2  are  screen  shots  of  the  user  inter¬ 
face.  BLIMP  has  been  put  together  by  using  freely  avail¬ 
able  software  components  which  are  now  briefly  described. 

3. 1  MXYZTPLK/BEAMLINE  LIBRARIES 

The  MXYZTPLK  and  Beamline  Libraries,  authored  by 
Leo  Michelotti  [1,  2],  have  been  under  development  in  the 
Beam  Physics  department  since  1989.  MXYZTPLK  is  a 
stand-alone  library  of  C++  classes  for  performing  auto¬ 
matic  differentiation  and  differential  algebra.  In  an  nut¬ 
shell,  automatic  differentiation  is  the  systematic  applica¬ 
tion  of  Liebnitz’s  chain  rule  to  evaluate  derivatives  of  ar- 
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Figure  1 :  BLIMP  user  interface.  The  top  window  is  a  dis¬ 
play  of  the  beamline.  The  user  can  grab  an  element  and 
move  it  interactively.  In  the  second  window,  a  sliding  cur¬ 
sor  is  displayed  for  each  variable  that  has  been  defined. 
Each  variable  can  have  constrained  limits.  The  third  win¬ 
dow  shows  local  constraints.  Each  of  these  constraints  is 
editable.  The  bottom  right  window  is  a  text  browser  that 
contains  a  description  of  the  beamline  elements.  The  user 
uses  this  window  to  select  elements  (variables)  or  locations 
(constraints). 
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Figure  2:  BLIMP  displaying  lattice  functions.  The  plots 
are  dynamically  connected  to  the  variable  sliding  cursors; 
changes  are  reflected  in  real  time  in  the  plot  window(s). 

bitrary  order  to  machine  precision.  The  Beamline  class  li¬ 
brary  built  on  top  of  MXYZTPLK,  is  a  rich  set  of  classes 
supporting  lattice  related  calculations.  Beamlines  are  rep¬ 
resented  by  doubly  linked  lists  whose  nodes  can  either 
point  to  other  beamlines  or  to  basic  elements  such  as 
dipoles,  quadruples,  RF  cavities  etc.  Beamlines  can  be 
edited,  concatenated,  cloned,  flattened  (i.e.  no  hierarchi¬ 


cal  structure)  etc.  Most  quantities  of  interest  to  accelera¬ 
tor  physicists  can  be  computed,  including  lattice  functions, 
dispersion  and  chromaticity.  Both  field  and  alignment  er¬ 
rors  can  be  included  if  necessary.  Maps  of  arbitrary  order 
can  in  principle  be  computed  to  machine  precision  in  ei¬ 
ther  4-dimensional  (i.e.  transverse)  phase  space  or  full  6- 
dimensional  phase  space.  The  desire  to  compute  high  order 
maps  actually  provided  much  of  the  motivation  for  devel¬ 
oping  the  automatic  differentiation  library.  BLIMP  uses 
functionality  from  the  Beamline  class  library  to  compute 
lattice  functions,  track  individual  particles  or  distributions 
and  compute  maps. 


3.2  NONLINEAR  OPTIMIZER 

Numerical  nonlinear  optimization  is  a  vast  and  highly  spe¬ 
cialized  field.  Nevertheless,  problems  can  generally  clas¬ 
sified  according  to  (1)  whether  or  not  the  objective  func¬ 
tion  can  be  expressed  as  a  continuous,  differentiable  func¬ 
tion  of  the  independent  variables  and  (2)  the  nature  of  the 
external  constraints  that  need  to  be  enforced,  if  any.  For 
matching  problems,  the  objective  function  are  usually  dif¬ 
ferentiable  functions  of  the  elements  strengths  and  posi¬ 
tions.  In  that  case,  variants  of  the  gradient  and  Newton 
methods  are  most  efficient.  The  Newton  method  has  the 
advantage  of  quadratic  convergence  if  the  extremum  is  suf¬ 
ficiently  close;  the  rate  of  convergence  for  gradient  meth¬ 
ods  tends  to  be  less  favorable.  However,  because  it  is  typi¬ 
cally  more  expensive  to  compute  and  invert  a  Hessian  ma¬ 
trix  than  to  compute  a  gradient  vector,  a  common  strategy  is 
to  start  with  a  gradient  iteration  and  switch  to  a  Newton  it¬ 
eration  only  within  close  proximity  of  the  extremum.  Con¬ 
straints  are  most  easily  handled  by  adding  penalty  terms 
to  the  objective  function.  These  penalty  terms  must  ob¬ 
viously  be  differentiable;  quadratic  terms  are  useful  for 
equality  constraints  while  exponential  terms  can  be  used 
for  inequality  constraints.  When  inequality  constraints  ap¬ 
ply  to  independent  variables,  a  useful  technique  is  to  use 
an  inverse  trigonometric  transformation  and  to  consider  the 
transformed  variables  as  free. 

At  the  moment,  BLIMP  uses  the  facilities  of  the  MI- 
NUIT  library  from  CERN  [4],  a  good  general  purpose  op¬ 
timization  library.  It  supports  the  optimization  strategies 
described  above  and  is  freely  available  for  research  insti¬ 
tutions.  Unfortunately  MINUIT  suffers  from  various  lim¬ 
itations  associated  with  its  Fortran  heritage.  Among  the 
most  problematic  issues  are  the  following:  all  I/O  involves 
the  Fortran  I/O  subsystem  which  cannot  be  mixed  with  the 
C/C++  I/O  in  a  portable  way;  the  objective  function  must 
be  passed  to  the  library  as  a  static  function  and  there  is 
therefore  no  straightforward  way  of  using  functors  objects. 
The  BLIMP  optimization  code  is  encapsulated  into  an  Op¬ 
timizer  class;  this  should  allow  an  alternative  to  MI¬ 
NUIT  to  be  substituted  with  minimal  side  effects. 
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3.3  GRAPHICAL  USER  INTERFACE 

The  choice  of  a  user  interface  toolkit  has  been  driven  by 
two  requirements:  (1)  object  orientation  and  (2)  need  for 
portability  between  various  flavors  of  UNIX  and  Windows 
NT.  The  Fast  Light  Toolkit  (FLTK)  [5]  satisfies  both  re¬ 
quirements  and  is  available  under  the  terms  of  the  GNU 
Public  Library  License.  FLTK  also  provide  support  for 
OpenGL  (or  MESA,  a  free  compatible  alternative). BLIMP 
takes  advantage  of  the  facilities  offered  by  OpenGL  to  effi¬ 
ciently  display  the  beamline  at  different  scales. 

3.4  PLOTTING 

BLIMP  uses  the  SciPlot  scientific  plot  widget[6].  SciPlot 
was  written  for  the  Xt  toolkit  and  therefore  uses  an  event 
model  that  is  incompatible  with  FLTK.  This  difficulty  was 
circumvented  by  running  plot  widgets  in  separate  threads. 
At  the  moment,  this  is  the  only  part  of  BLIMP  that  does  not 
compile  under  Windows  NT  without  modifications.  One 
interesting  aspect  of  the  plotting  functionality  in  BLIMP 
is  that  all  user  interface  control  elements  are  dynamically 
connected  to  the  various  plots,  allowing  a  user  to  dynami¬ 
cally  observe  the  sensitivity  of  a  solution  to  small  param¬ 
eter  variations,  or  to  explore  the  parameter  space  before 
attempting  a  non-linear  optimization. 

4  APPLICATIONS 

We  now  describe  two  applications  that  motivated  the  devel¬ 
opment  of  BLIMP. 

4.1  PHASE  TROMBONE 

The  Fermilab  Recycler  ring  is  a  new  machine  for  antipro¬ 
tons  accumulation  and  recycling  scheduled  to  be  commis¬ 
sioned  in  the  spring  of  1999.  The  Recycler  has  the  distinc¬ 
tion  of  being  the  first  machine  to  make  large  scale  utiliza¬ 
tion  of  permanent  magnet  technology.  The  machine  oper¬ 
ates  at  fixed  energy  of  8  GeV  with  a  lattice  based  on  fixed 
field  combined  function  magnets.  The  tune  of  the  machine 
is  adjusted  by  varying  nine  electromagnetic  quadrupoles 
grouped  in  five  symmetric  families  within  a  region  where 
r)Xty  =  r\'xy  =  0.  Four  hard  constraints  must  be  met  i.e. 
at  the  symmetry  point  aXtV  =  0  and  the  two  phase  ad¬ 
vances  set  to  the  desired  values;  an  additional  softer  re¬ 
quirement  is  to  prevent  the  beta  functions  from  exceeding 
a  maximum  value.  Since  this  region  is  part  of  a  matched 
insertion,  the  lattice  functions  outside  the  insertion  remain 
unperturbed  when  the  tune  is  adjusted.  The  maximum  tun¬ 
ing  range  is  approximately  ±1/2.  Since  the  settings  of  the 
quadrupole  families  is  different  for  each  tune,  it  is  antici¬ 
pated  that  BLIMP  will  be  useful  to  both  to  adjust  and  diag¬ 
nose  the  phase  trombone. 

4.2  LOW  BETA  INSERTION 

In  a  low-beta  insertion,  the  objective  is  to  use  a  pair  of 
quadrupole  doublets  or  triplets  to  focus  counter-circulating 


beams  into  a  very  small  size  interaction  region.  In  general, 
the  insertion  has  to  match  the  lattice  functions  of  the  ring  at 
both  extremities;  the  phase  advance  is  unconstrained.  At 
the  interaction  point,  (3Xt y  must  assume  specified  values 
and  the  beam  envelope  must  go  through  a  minimum  i.e. 
a'x  =  0.  It  is  also  often  required  for  the  dispersion  to  be 
as  small  as  possible  and  one  usually  demands  r)x,y  =  0. 
Constraining  i f  may  also  be  desirable.  The  result  is  24  lo¬ 
cal  constraints.  In  practice,  low  insertions  are  symmetric 
and  one  can  concentrate  one  one-half  of  the  insertion,  re¬ 
ducing  the  number  of  constraints  to  16,  possibly  14  if  7/  is 
ignored.  Global  constraints  are  usually  introduced  to  limit 
the  amplitude  of  the  beta  functions  inside  the  high  gradient 
quadrupoles. 

Low  beta  insertions  are  notoriously  nonlinear.  Without 
experience,  it  is  difficult  for  a  novice  to  find  a  satisfactory 
solution  and  interactivity  is  certainly  no  substitute  for  ex¬ 
perience.  However,  the  ability  to  quickly  experiment  with 
different  strategies  and  stop  the  iterations  dynamically  is 
proving  to  be  a  significant  advantage. 

5  CONCLUSION 

BLIMP  is  still  work  in  progress,  although  it  is  certainly  al¬ 
ready  useful  as  it  stands.  In  the  immediate  future,  the  pro¬ 
gram  will  acquire  the  ability  to  read  and  write  in  a  “stan¬ 
dard”  beamline  specification  format.  Even  though  the  for¬ 
mat  used  at  this  moment  is  application  specific  it  is  a  very 
simple  matter  to  describe  a  simple  beamline  with  a  few 
dozen  elements.  A  beamline  editor  allowing  the  user  to 
specify  or  modify  beamlines  interactively  would  also  be  an 
interesting  improvement.  All  source  code  should  eventu¬ 
ally  become  freely  available  to  the  accelerator  community, 
at  least  for  non-commercial  use.  Please  contact  the  author 
for  further  informations. 
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Abstract 

This  paper  outlines  the  major  activities  and  applications  of 
the  Unified  Accelerator  Library  environment  for  the 
Spallation  Neutron  Source  (SNS)  Ring. 

1  BACKGROUND 

The  Unified  Accelerator  Libraries[l]  are  designed  as  a 
customizable  and  extendible  environment  for  developing 
diverse  accelerator  applications.  Its  main  architectural 
principle  is  a  separation  of  physical  entities  and 
mathematical  abstractions  from  algorithms.  The 
accelerator  algorithms  are  implemented  as  classes  that 
share  data  via  Common  Accelerator  Objects  (Element, 
Bunch,  Twiss,  etc.).  This  highly  flexible  structure  has 
facilitated  selecting  and  implementing  more  appropriate 
software  design  patterns  and  accelerator  approaches, 
supporting  project-specific  requirements,  and  connecting 
the  UAL  applications  with  heterogeneous  data  sources.  At 
this  time,  the  UAL  joins  several  object-oriented 
accelerator  programs:  PAC  (Platform  for  Accelerator 
Codes),  TEAPOT  (Thin  Element  Program  for  Optics  and 
Tracking),  ZLIB  (a  numerical  library  for  differential 
algebra),  and  ALE  (Accelerator  Libraries’  Extensions). 
The  Application  Programming  Interface  (API),  written  in 
Perl,  provides  a  universal  homogeneous  shell  for 
integrating  and  managing  all  these  components  and 
project  extensions.  The  UAL  environment  has  been 
successfully  applied  to  several  accelerator  projects:  LHC, 
RHIC,  and  CESR.  This  paper  outlines  the  major  activities 
and  applications  for  the  new  project,  Spallation  Neutron 
Source  (SNS)  Ring. 

2  SIMULATION  ACTIVITIES 

The  SNS  ring  dynamics  presents  a  complex  combination 
of  several  physical  effects  and  dynamical  processes[2]. 
Some  of  them,  such  as  field  errors  and  misalignments,  are 
supported  in  general-purpose  accelerator  codes.  Other 
effects,  such  as  space  charge  and  collimator  surface 
grazing,  are  actual  only  for  high  intensity  hadron  rings  and 
distributed  into  a  set  of  independent  specialized  programs 
(Table  1).  The  mismatch  among  diverse  data  formats, 
units,  and  notations  complicates  the  usage  of  these 
programs  and  increases  the  risk  of  errors  and 
misinterpretations.  Besides^  the  accurate  simulation  of  the 
very  low  beam  loss  (10  )  requires  the  simultaneous 
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consideration  of  several  different  effects  in  a  single 
scenario.  The  UAL  open  environment  addresses  all  these 
tasks.  It  supports  the  incremental  development  of 
independent  components  and  their  configurable  packaging 
into  the  accelerator  applications.  For  the  SNS  project,  the 
UAL  is  being  extended  with  the  following  features: 
injection  painting,  collimator,  and  space  charge.  To 
facilitate  the  implementation  and  employment  of  new 
modules  we  have  developed  a  benchmark  infrastructure 
that  provides  the  consistent  interfaces  among  alternative 
accelerator  approaches: 


2.1  Injection  Painting 

During  the  multi-turn  injection  into  the  SNS  ring,  protons 
are  painting  over  a  large  phase  space  volume  in  order  to 
reduce  the  space  charge  tune  shifts  and  to  minimise  the 
number  of  traversals  through  the  stripping  foil.  The 
ACCSIM  code  offers  the  most  consistent  approach  for 
optimization  and  simulation  of  these  dynamical  processes. 
However,  the  control  of  the  different  scenarios  is  hidden 
behind  of  the  ACCSIM  input  language  impeding  the 
inclusion  of  new  physical  effects  (field  errors, 
misalignments,  etc.).  In  UAL,  all  these  dynamical 
processes  are  programmed  directly  with  the  Perl  API  that 
provides  an  unlimited  access  to  the  UAL  core  packages, 
project-specific  extensions,  and  a  wide  variety  of  general- 
purpose  supporting  tools  and  applications  (Graphics,  GUI, 
etc.). 

2.2  Field  Errors,  Misalignments,  Correction 

In  the  UAL,  all  accelerator  elements  are  located  in  the 
central  repository,  the  Standard  Machine  Format  (SMF). 
The  SMF  supports  both  the  hierarchy  of  beam  lines  and 
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generic  elements  as  well  as  parameters  associated  with 
individual  elements  of  the  as-installed  machine.  Magnetic 
errors  and  misalignments  are  implemented  as  fine-grained 
sets  of  element  attributes  and  can  be  assigned  to  an 
arbitrary  design  element.  The  SMF  structure  is  neutral  to 
accelerator  approaches,  and  the  accelerator  physicist  can 
employ  either  the  UAL  core  modules  or  local  extensions 
(e.g.  IR  filter  for  RHIC  and  LHC  [9]).  For  the  simulation 
of  nonlinear  magnetic  fields  and  misalignments,  we  are 
using  the  TEAPOT  library  that  provides  a  rich  set  of 
simulation  tools  (conventional  element-by-element  tracker 
and  DA  integrator)  and  correction  algorithms  (tuning, 
closed  orbit  correction,  chromaticity  fitting,  and  global 
decoupling). 

2.3  Collimator 

The  collimator  is  designed  to  prevent  spreading  up  beam 
halo  into  the  SNS  ring  tunnel  and  localized  it  at  a  level 

-3  -2 

from  10  to  10  in  one  controlled  place.  Its  relative  sizes 
and  forms  depend  on  many  factors,  such  as  an  injection 
painting  scheme,  lattice  parameters,  and  others.  Then  the 
simulation  model  has  to  be  adaptable  to  an  arbitrary 
combination  of  lattice  and  collimator  variants.  It  can  be 
achieved  by  implementing  the  collimator  system  as  an 
insertion  device  and  splitting  the  one-turn  tracking 
procedure  into  three  steps:  propagating  particles  (e.g. 
using  TEAPOT  module)  from  the  injection  point  to  the 
collimator  system,  applying  the  collimator  algorithms,  and 
completing  the  turn  by  following  particles  back  to  the 
injection  point.  In  the  UAL  environment,  this  scenario  is 
controlled  directly  from  the  Perl  script,  and  it  is  open  for 
arbitrary  representations  of  the  collimator  module.  For 
example,  this  module  can  be  implemented  as  a  local 
adapter  to  the  independent  FORTRAN  program  (e.g. 
LAHET)  or  the  HEP  C++  shared  libraries  (e.g.  GEANT 
4).  This  solution  looks  very  interesting  from  the 
perspective  of  integrating  the  accelerator  and  high  energy 
physics  software.  However,  its  complete  implementation 
assumes  the  significant  overhead  for  this  particular  task. 
Then  we  are  considering  the  ACCSIM  approach  that 
provides  an  optimal  set  of  algorithms  for  particle-target 
interactions  (Landau  and  Bethe-Bloch  energy  loss 
distributions,  Moliere  multiple  scattering,  and  nuclear 
interactions). 

2.3  Space  Charge 

The  space  charge  effect  has  a  large  impact  on  the  beam 
dynamics  and  halo  growth  in  the  SNS  ring  and  has  to  be 
included  in  the  common  model  for  evaluating  the  beam 
distribution  and  uncontrolled  beam  loss  in  the  ring  tunnel. 
The  implementation  of  the  3D  space  charge  effects  is  a 
difficult  task  because  it  involves  the  trade-off  between  the 
performance  and  accuracy  of  available  algorithms.  Then 
there  is  a  need  in  a  configurable  module  that  enables  the 
exchange  of  several  alternative  approaches.  The  UAL 
framework  will  address  this  task  by  providing  the  uniform 


mechanism  for  assembly  and  reuse  of  independently 
developed  algorithms  [11], 

2.5  Fringe  Field  Models 

Since  the  aperture  of  the  ring  magnets  is  comparable  to 
the  magnetic  length,  fringe  field  impact  must  be 
considered.  Taylor  maps  extracted  from  fringe  field 
models  (e.g.  MaryLie[10])  will  be  incorporated  into 
element-by-element  tracking.  This  approach  has  been 
employed  in  previous  UAL  applications  for  simulating 
RHIC  helical  dipoles  and  CESR  wigglers. 

2.6  End-to-End  Simulation 

The  SMF  structure  allows  one  to  consider  several 
different  lattices  in  the  same  process.  This  feature  is  very 
important  for  optimization  of  IR  sections,  injection  and 
extraction  systems.  In  the  SNS  project,  we  plan  to 
concatenate  various  sections  of  machine  lattices  (e.g. 

HEBT  line  +  ring  +  RTBT  line)  for  the  end-to-end 

+  o 

simulation  of  particles  with  various  charge  states  (H  ,  H  , 
H). 

3  UAL  FRAMEWORK 

The  UAL  framework  is  a  necessary  and  logical  step  in  the 
UAL  evolution.  It  intends  to  offer  a  single  object-oriented 
integration  environment  for  compatible  and  independent 
implementation  of  diverse  accelerator  applications.  This 
will  enable  accelerator  scientists  and  software  developers 
with  different  kinds  and  levels  of  skill  to  participate  in  the 
common  development  process  and  will  promote  selection, 
sharing,  and  standardization  of  the  most  effective 
accelerator  approaches  and  solutions.  The  UAL 
framework  is  being  developed  using  the  component- 
oriented  technology  and  provides  the  following  systems 
[11]: 

•  uniform  mechanism  for  assembly  and  reuse  of 
independently  developed  accelerator  algorithms; 

•  uniform  infrastructure  for  optimization  and  correction 
approaches 

The  off-line  SNS  Ring  Simulation  Facility  is  considered 
the  first  application  of  this  infrastructure. 

4  INTEGRATION  WITH  ACCELERATOR 
CONTROL 

The  value  of  theoretical  algorithms  depends  to  a  large 
extent  on  the  possibility  to  employ  them  in  a  real 
experiment.  In  the  past,  simulation  programs  and  control 
system  applications  were  developed  and  deployed  as  two 
independent  products.  We  intend  to  merge  these  efforts  in 
the  single  direction  based  on  the  online  Accelerator 
Simulation  Facility  (Fig.l).  The  concept  of  online 
modelling  is  becoming  very  popular  in  the  accelerator 
community  because  it  provides  them  with  new  interesting 
possibilities: 
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domain  constructions.  Until  recently,  there  has  not  been  a 
portable  solution  for  this  problem.  At  this  time,  several 
industrial  technologies  address  this  task  by  providing  new 
communication  concepts,  such  as  the  Java  Serializable 
object  and  the  CORBA  Object-by-Value  semantics,  that 
allow  developers  to  apply  seamlessly  the  same  object- 
oriented  models  and  patterns  to  local  simulation  programs 
and  distributed  control  systems.  We  plan  to  evaluate  these 
and  other  industrial  technologies  from  the  perspective  of 
their  integration  with  the  UAL  and  EPICS  environments. 

We  thank  D.  Abell,  J.  Beebe-Wang,  M.  Blaskiewicz, 
F.  Jones,  J.  Galambos,  H.  Ludewig,  A.  Luccio,  and  S. 
Machida  for  many  useful  discussions. 

5  REFERENCES 

[1]  N.Malitsky  and  R.Talman,  AIP  391,  1996. 

[2]  J.Wei  et  al,  these  proceedings. 

[3]  L.Schachinger  and  R.Talman,  Particle  Accelerators,  22,  35(1987). 

[4]  H.Grote  and  F.C.Iselin,  CERN/SL/90-13. 

[5]  R.V.Servranckx,  el  al.,  SLAC  Report  285  UC-28,  1985. 

[6]  F.W .Jones,  TRIUMF  Design  Note  TRI-DN-90-17, 1990. 

[7]  J.Galambos,  era/.  AIP 448,  1998. 

[8]  S.Machida,  Nucl.  Instrum.  Methods,  A309,  43(1991). 

[9]  J.Wei,  at  al,  these  proceedings. 

[10]  A.Dragt  et  al.,  MaryLie  3.0,  1999. 

[1 1]  N.Malitsky  and  R.Talman.  ICAP98,  1998. 


UAL 

[1] 

FTPOT 

[3] 

MAD8 

[4] 

DIMAD 

[5] 

ACCSIM 

[6] 

SAMBA 

[7] 

SIMPSONS 

[8] 

Interface 

PERL  API 

FTPOT 

MAD 

DIMAD 

ACCSIM 

SIMPSONS 

MAD  elements 

Yes 

Yes 

Yes 

Yes 

Yes 

(via  nodes) 

Y'es 

(via  nodes) 

Yes 

Errors 

Yes 

Yes 

Yes 

Y'es 

No 

TBC 

Y'es 

Dynamic  Processes 

Yes 

(via  PERL ) 

No 

No 

No 

Injection 

Yes 

(via  SuperCode) 

Bp  and  RF 

Tracking 

Thin  lenses 

Thin  lenses 

Simplcetic 

TRANSPORT 

linear  matrices 
+  node  -lenses 

Linear  matrices 

+  node-lenses 

Thin  lenses 

Mapping 

Any  order 

Second 

order 

Third 

order 

Second  order 

Linear  order 

Linear  order 

No 

Space  Charge 

TBC 

No 

No 

3D 

3D 

2D  and  3D 

Analysis  (Twiss,...) 

Yes 

Yes 

Yes 

Yes 

No 

TBC 

No 

TBC 

No 

Yes 

Y'es 

No 

TBC 

No 

K— — 

Yes 

Yes 

Yes 

Y'es 

No 

TBC 

No 

Concatenation  of 
several  lattices 

Yes 

No 

No 

No 

No 

No 

No 

Support  of  third  party 
extensions 

Yes 

No 

No 

No 

No 

Yes 

No 

Painting 

Yes 

No 

No 

No 

Yes 

Yes 

No 

Injection  Foil 

Yes 

No 

No 

No 

Yes 

Y'es 

No 

Collimator 

ESSIES! 

No 

No 

No 

Y'es 

No 

No 

•  development  and  validation  of  control  system 
applications  before  the  commissioning  stage  based 
only  on  the  “virtual”  accelerator, 

•  online  analysis  and  comparison  of  runtime 
accelerator  parameters  with  theoretical  models 
during  commissioning  and  operation  . 


Firewall 


(Java,  XML) 


Figure  1 :  The  UAL-based  SNS  Simulation  Facility. 

The  SNS  online  facility  will  have  a  multi-level 
architecture.  At  this  time,  EPICS  has  implemented  the 
lowest  layer,  a  homogeneous  interface  to  physical  devices. 
However,  EPICS  exchange  data  types  are  too  generic  for 
object-oriented  higher  level  applications,  such  as 
simulation  and  correction  modules,  and  require  an 
additional  layer  to  map  device  parameters  into  accelerator 

Table  1 :  Accelerator  programs  used  in  the  SNS  project. 
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THE  APPLICATION  OF  THE  SXF  LATTICE  DESCRIPTION  AND  THE 
UAL  SOFTWARE  ENVIRONMENT  TO  THE  ANALYSIS  OF  THE  LHC* 


W.  Fischer,  F.  Pilat^ .  V.  Ptitsin,  BNL,  Upton,  New  York 


Abstract 

A  software  environment  for  accelerator  modeling  has  been 
developed  which  includes  the  UAL  (Unified  Accelerator 
Library),  a  collection  of  accelerator  physics  libraries  with 
a  Perl  interface  for  scripting,  and  the  SXF  (Standard  ex¬ 
change  Format),  a  format  for  accelerator  description  which 
extends  the  MAD  sequence  by  including  deviations  from 
design  values.  SXF  interfaces  have  been  written  for  sev¬ 
eral  programs,  including  MAD9  and  MAD8  via  the  doom 
database,  Cosy,  TevLat  and  UAL  itself,  which  includes 
Teapot++.  After  an  overview  of  the  software  we  describe 
the  application  of  the  tools  to  the  analysis  of  the  LHC  lat¬ 
tice  stability,  in  the  presence  of  alignment  and  coupling  er¬ 
rors,  and  to  the  correction  of  the  first  turn  and  closed  orbit 
in  the  machine. 

1  INTRODUCTION 

The  modeling  of  large  accelerators  such  as  the  LHC  re¬ 
quires  a  sophisticated,  flexible  and  powerful  modeling  soft¬ 
ware  environment.  On  the  one  hand,  complex  problems 
have  to  be  studied  requiring  non-standard  modeling  tech¬ 
niques,  such  as  tracking  two  beams,  assigning  measured 
values  to  individual  magnets,  dealing  with  complex  align¬ 
ment  tolerances  for  triplet  assemblies,  etc.  On  the  other 
hand,  large  accelerators  are  nowadays  international  collab¬ 
orative  efforts  among  laboratories  and  the  necessity  arises 
to  exchange  lattice  and  measurement  information  between 
groups  in  a  transparent,  model  independent  way.  To  ful¬ 
fill  the  first  set  of  requirements  we  built  up  our  model  in 
the  framework  of  the  UAL  software,  and  to  fulfill  the  need 
of  information  exchange  we  use  a  flat  machine  representa¬ 
tion,  the  Standard  eXchange  Format  (SXF)  to  describe  the 
accelerator. 

Section  2  will  explain  in  more  detail  the  software  build¬ 
ing  blocks,  UAL  and  SXF.  Section  3  will  discuss  the  unique 
challenges  of  modeling  the  LHC,  in  particular  the  study  of 
alignment  tolerances  in  the  interaction  region  dipole  and 
triplet  assemblies.  In  Section  4  as  an  example  of  appli¬ 
cation,  we  will  discuss  a  way  to  close  the  first  turn  and 
to  correct  the  orbit  in  the  LHC  in  the  presence  of  realistic 
alignment  errors. 

2  THE  MODELING  SOFTWARE 
ENVIRONMENT:  UAL  AND  SXF 

The  Unified  Accelerator  Library  (UAL)  [1]  is  an  object 
oriented  and  modular  software  environment  for  accelera¬ 
tor  physics  which  comprises  an  accelerator  object  model 

*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy 
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for  the  description  of  the  machine  (SMF,  for  Standard  Ma¬ 
chine  Format),  a  collection  of  physics  libraries,  and  a  Perl 
shell  that  provides  a  homogeneous  interface  for  integrat¬ 
ing  and  managing  these  components.  Currently  available 
physics  libraries  include  TEAPOT++,  a  collection  of  C++ 
physics  modules  conceptually  derived  from  TEAPOT  [2], 
and  ZLIB  [3],  a  differential  algebra  package  for  map  gen¬ 
eration  and  manipulation. 

UAL  has  already  been  used  to  build  up  a  realistic  model 
of  the  Relativistic  Heavy  Ion  Collider  (RHIC)  where  mea¬ 
sured  field  and  alignment  data  are  automatically  read  from 
a  relational  database  and  applied  to  individual  elements 
in  the  machine  [4]  [5].  It  has  been  used  to  model  CESR 
and  is  being  used,  as  we  will  describe  in  the  following, 
for  the  LHC.  Access  to  the  UAL  suite  is  provided  via  a 
Perl-based  shell  environment.  Each  UAL  project  (RHIC, 
CESR,  LHC,  etc.)  has  developed  a  set  of  Perl  modules 
which  provide  a  user  friendly  means  of  calling  the  ensem¬ 
ble  of  UAL  programs,  e.g.,  correction  procedures,  particle 
tracking  via  TEAPOT++  or  differential  algebra  and  map¬ 
ping  techniques. 

The  SXF  (Standard  eXchange  Format)  is  an  ASCII  ac¬ 
celerator  description  that  carries  lattice  information  and 
also  individual  quantities  specific  to  an  element  such  as 
measured  field  and  alignment  data.  SXF  has  been  devel¬ 
oped  as  an  answer  to  the  need  for  easy  exchange  of  lattice 
information  among  laboratories.  SXF  parsers  to  several  ex¬ 
isting  codes,  such  as  UAL,  MAD,  Cosy  and  TevLat,  have 
been  written  and  used. 

An  SXF  lattice  description  is  an  ASCII  listing  that  con¬ 
tains  one  named,  flat,  ordered  list  of  elements,  delimited 
as  {...},  with  one  entry  for  each  element.  The  list  concep¬ 
tually  resembles  a  MAD  ’’sequence”  describing  the  entire 
machine.  The  difference  is  that  an  SXF  sequence  can  carry 
additional  information  such  as  field  harmonics,  alignment 
errors,  aperture  limitations,  etc.  that  are  specific  to  the  in¬ 
dividual  element.  The  syntax  is  supposed  to  be  adapted  for 
ease  of  reading  by  human  beings  and  for  ease  of  parsing 
by  LEX  and  YACC.  Here  is  an  example  of  a  simple  SXF 
sequence  of  2  elements,  a  dipole  and  a  marker: 

TwoElementExample  sequence  { 

bh.rl  sbend  {  tag=bh  at=200.0  1=10.0 

body= {  kl= [ 0 . 0045  0.001  0.0002  0.045] 
f int=0 . 01  el=0 . 001  e2=0.002 
hl=0 . 1  h.2  =  0 . 02  hgap=0 .002  } 
align  ={al=[0.001  0.001  0  0  0.0005]  } 
body. dev=(kl= [0.001. .]  kls=[0.001. .]} 
entry .dev= (kl= [0.001..]  kls=[0.001..]} 


0-7803-5573-3/99/$10.00@1999  IEEE. 
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exit. dev={kl=[ 0.001. . ]  kls= [0.001. . ] } 
align. dev={al=[0. 005  0.005  0  0  0.001]  > 
aperture= {ap= [1  0.03  0.02  0.001  0.001]} 

}  ; 

ml  marker  {  } ; 

endsequence  at=200.0 

} 

SXF  supports  MAD  attributes;  attributes  are  grouped  in 
logical  ’’buckets”  such  as  body,  which  contains  the  element 
general  attributes,  align,  which  describe  intentional  mis¬ 
alignments,  etc.  The  buckets  that  end  with  ".dev”  contain 
deviations  from  the  design  values,  such  as  field  ( body,  dev ) 
and  alignment  ( align.dev )  errors.  Quantities  that  are  logi¬ 
cally  related,  such  as  field  multipoles,  misalignments,  aper¬ 
tures  are  grouped  in  vectors,  such  as  kl,  al,  ap.  The  vector 
kl  for  instance  contains  normal  field  harmonics  up  to  or¬ 
der  20;  only  orders  up  the  last  non-vanishing  order  need 
to  be  explicitely  written.  A  more  detailed  description  of 
the  grammatical  and  lattice  description  rules  of  the  SXF,  as 
well  as  more  examples  of  SXF  sequences  can  be  found  in 
[6]. 

3  THE  ALIGNMENT  MODEL  FOR  THE 
LHC  INTERACTION  REGIONS 

Since  SXF  is  a  flat  ordered  list  of  elements  it  does  not  sup¬ 
port  the  simultaneous  misalignment  of  adjacent  elements. 
The  introduction  of  an  element  hierarchy  is  needed  to  align 
several  elements  by  the  same  amount.  This  is  of  inter¬ 
est  for  two  reasons.  First,  magnets  are  often  modeled  by 
more  than  one  element  and  all  these  elements  should  be 
misaligned  by  the  same  amount.  For  example,  a  magnet 
model  may  consist  of  a  body  and  two  end  kicks;  the  body 
itself  may  be  modeled  by  several  kicks.  Second,  sometimes 
there  are  several  magnets  assembled  in  one  cryostat.  It  is 
then  desirable  to  displace  the  whole  cryostat  while  allow¬ 
ing  for  the  individual  magnets  within  to  be  independently 
misaligned  relative  to  the  cryostat. 

The  proper  description  of  alignment  errors  is  of  great  im¬ 
portance  to  the  US-LHC  collaboration  since  the  US  will  de¬ 
liver  assembled  cryostats  of  interaction  region  magnets  to 
CERN.  In  the  design  phase  an  estimate  of  tolerable  align¬ 
ment  errors  is  needed.  Once  magnets  are  assembled  in  a 
cryostat,  the  best  position  of  the  cryostat  must  be  found  in 
order  to  minimize  the  harmful  effects  of  field  and  alignment 
errors. 

We  developed  a  SXF-like  description  that  allows  the  si¬ 
multaneous  misalignment  of  adjacent  magnets  and  a  filter 
program  that  can  merge  this  information  into  a  canonical 
SXF  file.  Here  is  an  example  of  how  several  entities  can  be 
misaligned  with  respect  to  a  commom  cryostat,  which  also 
has  a  global  misalignment  relative  to  the  reference  axis. 

//  a  misaligned  element  that  contains 
//  misaligned  elements 
q2con  =  { 


align  =  {  al  =  [  0.002  -0.001  0.003 

0.005  -0.005  0.007] } 

components  =  { 
qlt2.rl  =  { 

align.dev  =  {  al  =  [  .0  -0.002 

0.  0.  -0.  0.007]}} 

qlt3.rl  =  { 

align.dev  =  {  al  =  [  0.001  0.  0.  0. 

-0.006  0. ]  } 

components  =  { 
xl.rl  =  { 

align.dev  =  {al=[  0.  0.2  ]}} 
x2.rl  =  { 

align.dev  =  {al=[  .2  0.  0. 


we  used  this  technique  to  assign  alignment  errors  to  the 
LHC  interaction  region  assemblies  and  study  the  impact 
of  such  errors  on  the  first  turn  and  closed  orbit  correction. 
The  analysis  and  preliminary  results  are  summarized  in  the 
following  section. 

4  FIRST  TURN  AND  CLOSED  ORBIT 
CORRECTION 

In  the  presence  of  misalignment  the  particle  orbit  is  no 
longer  ideal.  The  orbit  excursions,  even  with  moderate 
amount  of  misalignment,  in  a  large  machine  like  the  LHC 
may  become  so  big  that  a  particle  reaches  the  aperture  lim¬ 
its  defined  and  gets  lost.  As  in  the  case  of  a  real  accelera¬ 
tor  ring,  in  order  to  keep  the  beam  closed  orbit  inside  the 
physical  aperture,  a  first  turn  beam  steering  method  must 
be  applied. 

Two  first  turn  beam  steering  techniques  were  imple¬ 
mented  in  TEAPOT++.  One  is  the  method  recently  de¬ 
veloped  by  H.  Grote  for  MAD  [7].  This  method  performs 
the  correction  using  two  beam  steering  correctors  and  two 
beam  position  monitors  in  the  region  where  the  orbit  ex¬ 
cursions  become  too  large.  With  the  spacing  between  the 
two  BPMs  about  n/2  in  betatron  phase  it  provides  in  fact 
correction  of  both  the  orbit  position  and  the  orbit  angle. 

The  other  method  implemented  in  TEAPOT++  is  the  so 
called  sliding-bumps  method.  The  closed  bumps  are  set 
with  of  three  neighboring  dipole  correctors.  The  whole 
ring  interval  is  divided  in  a  series  of  consecutive  bumps 
that  are  overlapping  since  every  corrector  can  be  used  in 
the  construction  of  three  different  bumps.  Each  bump  by 
definition  only  affect  the  orbit  inside  itself. 

One  correction  step  consists  of  consecutive  one-by-one 
bump  corrections  along  the  ring  until  a  lattice  point  is 
reached,  where  a  particle  loss  or  a  big  particle  trajectory 
deviation  is  detected.  The  limit  value  of  the  trajectory  de¬ 
viation  that  defines  the  start  of  the  correction  procedure  is 
determined  as  a  parameter  to  the  first  turn  steering  com¬ 
mand.  Because  the  trajectory  downstream  of  the  corrected 
interval  should  also  be  affected  by  the  correction,  the  last 
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Figure  1:  First  turn  correction  in  horizontal  and  vertical 
planes 


bump  of  the  corrected  interval  is  made  “open”,  meaning 
that  the  strength  of  one  or  two  of  the  last  bump  correctors 
is  set  to  zero.  After  one  correction  step  is  done,  the  particle 
is  tracked  again  through  the  lattice  (or,  operationally,  the 
beam  is  injected  again)  until  the  next  limit  trajectory  de¬ 
viation  is  encountered  (or,  with  beam,  the  next  beam  loss 
point)  and  the  correction  is  repeated.  Using  the  sliding- 
bumps  technique  not  only  steers  the  particle  through  the 
first  turn  of  the  accelerator  but  also  provides  a  corrected 
orbit  at  all  BPM  positions  along  the  ring.  However,  this 
method  is  more  time  consuming  than  the  one  previously 
described.  The  sliding-bumps  method  is  used  in  within 
TEAPOT++  also  as  a  closed  orbit  correction  algorithm. 
The  only  differences  are  that  the  input  data  are  closed  orbit 
instead  of  particle  trajectory  data  and  that  there  is  no  need 
to  “open”any  bumps. 

Simulation  studies  confirmed  that  the  correction  meth¬ 
ods  implemented  work  well  for  the  LHC  lattice  in  the  pres¬ 
ence  of  alignment  errors,  both  for  first  turn  steering  and 
closed  orbit. 

Figure  1  and  2  show  the  horizontal  and  vertical  particle 


trajectory  during  the  first  turn  for  the  LHC,  before  and  after 
correction.  The  method  used  here  is  the  sliding-bumps. 

Figure  2  show  the  horizontal  closed  orbit  before  and  after 
correction. 


Figure  2:  Closed  orbit  correction  in  the  horizontal  planes 


5  CONCLUSIONS 

A  software  environment  has  been  developed  for  LHC  sim¬ 
ulations  whose  flexibility  and  modularity  ease  the  task  of 
adding  new  modeling  features.  A  standard  interface,  the 
SXF,  extends  the  functionality  of  the  MAD  sequence  and 
can  interface  several  existing  accelerator  codes.  We  used 
this  environment  to  study  the  effect  of  misalignment  of  the 
IR  assemblies  on  beam  dynamics,  noticeably  on  the  first 
turn  trajectory  and  the  closed  orbit.  The  model  and  correc¬ 
tion  methods  proved  to  work  for  the  LHC  lattice  and  we 
plan  to  use  them  for  systematic  studies  in  the  near  future. 
We  plan  on  adding  the  capability  of  modeling  roll  align¬ 
ment  errors  in  the  IR  assemblies  and  study  the  resulting 
coupling  effects  in  the  next  few  months. 
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Abstract 

The  commissioning  of  Fermilab  Main  Injector  had  been  very 
successful  and  the  project  is  at  its  final  phase.  Even  with  the 
machine  working  as  well  as  it  did  plenty  of  improvements  are 
still  to  be  made.  Measuring  and  to  understanding  the  machine 
lattice  function  should  eventually  lead  to  the  improvement  of  the 
machine.  In  this  write-up  the  preliminary  measurement  and 
analysis  of  the  lattice  function  is  reported. 

1.  INTRODUCTION 

The  Main  Injector  is  a  newly  commissioned  machine. 
Although  effort  was  made  to  ensure  that  it  performs  as 
designed  the  possibility  of  magnetic  field  error  is  always 
there.  It  is  important  to  know  the  actual  lattice  function  in 
order  to  improve  the  machine  performance.  It  is  needed 
to  properly  match  the  8-GeV  transfer  line  to  the  ring,  to 
assess  possible  aperture  restriction,  and  to  design  extrac¬ 
tion  transfer  line  optics.  Comparing  the  measurement  to 
the  design  will  help  locating  the  origin  of  errors. 

The  effort  to  measure  the  lattice  function  of  Main 
Injector  is  still  at  its  early  stage.  A  measurement  at  8- 
GeV  injection  energy  is  an  important  first  step.  This 
write-up  reports  the  preliminary  analysis  result  from  data 
taken  during  the  commissioning  run  in  the  February  of 
1999  and  is  presented  as  a  progress  report.  More  meas¬ 
urement  undoubtedly  will  be  made  in  the  very  near  future 
to  validate  the  result. 


Figure  1.  The  horizontal  difference  orbit  caused  by  1-bump  kick 
at  the  corrector  HI 04,  which  was  set  2.5  amp  lower. 


2.  DATA 

There  are  a  total  of  208  BPMs  around  the  Main  Injector 
ring,  104  horizontal  plane  BPMs  at  focusing  locations  and 
104  vertical  plane  BPMs  at  de-focusing  locations.  The 
reading  from  all  were  collected  during  study  at  any  one 
data  sample.  Along  with  that  are  the  currents  for  bend 
bus,  quad  bus,  and  trim  correctors.  The  RF  frequency  and 

t  Work  supported  by  the  US  Department  of  Energy  under  contract 
DE-AC02-76CH00300. 
t  E-mail:  YANG@FNAL.GOV 


intensity  reading  are  also  included.  This  was 
accomplished  using  the  on-line  analysis  program  [1]  and 
analyzed. 


Figure  2.  The  vertical  closed  orbit  due  to  1-bump  kick  from 
corrector  V105  that  was  set  to  1.5  amps  above  nominal. 

To  do  the  lattice  function  measurement  two  dipole  cor¬ 
rectors  from  each  plane  were  chosen.  The  design  phase 
advance  between  the  two  correctors  is  close  to  90  degree 
in  either  plane.  Shown  in  Figure  1  is  an  example  of  hori¬ 
zontal  plane  orbit  data  taken  with  HI 04  corrector.  In  Fig¬ 
ure  2  is  an  example  in  the  vertical  plane  using  corrector 
V105.  With  each  corrector  a  series  of  BPM  orbit  data 
were  collected,  with  corrector  current  changed  in  steps  of 
0.5  Amps.  This  corresponds  to  about  120  prad  in  hori¬ 
zontal  kick  for  HI 04  and  HI 06  correctors  at  8-GeV 
energy.  The  vertical  correctors  are  weaker  and  the  kick 
was  only  about  50  prad  for  V105  and  V107.  Figure  3 
shows  a  plot  of  BPM  position  reading  at  MI  122  location 
as  a  function  of  the  kick  angle  from  HI 04.  Figure  4 
shows  the  vertical  position  at  VP407  as  a  function  of  kick 
angle  from  VI 05.  The  slope  of  linear  least  square  fit  to 
the  data  points  will  be  used  for  subsequent  analysis. 


kick*  Cmr) 

Figure  3.  The  orbit  data  taken  at  BPM  HP122.  Horizontal  cor¬ 
rector  H 1 04  current  was  changed  in  step  of  0.5  amps.  The  result 
of  least  square  fit  to  the  data  points  is  shown  at  the  top  and  plot¬ 
ted  in  dashed  line. 
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In  order  to  measure  the  dispersion  function  the  Main 
Injector  RF  frequency  was  changed  at  250-Hz  steps,  about 
0.053%  in  *p/p.  Both  horizontal  and  vertical  data  were 
taken  for  analysis.  Figure  5  is  an  example  of  data  taken 
for  dispersion  function  measurement  at  HP208  location. 


3.  ANALYSIS 

The  lattice  function  analysis  is  based  on  the  equation: 

-VP^A8»“cos^(|),,-'t,»»1-e/2j] 

X<  2-sinftrQ)  ' 

The  index  k  denotes  the  corrector  element  used  and  i  the 
BPM  index.  The  symbol  Q  is  the  machine  tune  and  V  the 
phase  advance  in  units  of  2k.  This  equation  can  be 
rewritten  as: 

-Vp,p1*’  cos[ai^,-tt1,')l 
y‘  2-  sin(7lffl 

Where  is  the  slope  in  the  example  shown 

in  Figure  3  or  Figure  4. 

And  a“’  =  \|»",±g/2)  the  adjusted  corrector  phase.  The 
negative  sign  is  needed  when  v,  <  vai. 

With  two  sets  of  corrector  data  the  equations  for  the  phase 
advance  can  be  written: 


(2) 


cos(2irtj/, 


%  +2sin(n0  -  sin (2710“’)] 


(3a) 

(3b) 


-2sin(  nQ)  ■  cos(27ratJl  cos(27call,)l 

Si"(2,tV')= -  ^P.P'"Pm  sin(a"'  -«C|) - 

Using  these  two  equations  the  phase  advance  y  at  the  /-th 
BPM  location  can  be  calculated.  With  phase  advance 
from  either  data  or  from  model  the  beta  function  can  be 
calculated  using  Equation  (2). 

The  analysis  of  the  dispersion  function  requires  the 
knowledge  of  the  momentum  error.  This  is  calculated 
from  the  RF  frequency  recorded  during  the  data  taking 
using  the  equation: 

up  tf 

p  ~V’ 

Where  the  phase  slip  factor  ti  defined  in 
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Figure  4.  Vertical  plane  position  data  at  VP407  as  a  function  of 
kick  angle  from  vertical  corrector  VI 05,  at  every  0.5  amps. 


4.  RESULTS 

The  analysis  of  the  phase  advances,  beta  function,  and  the 
dispersion  function  will  be  reported  here.  The  statistical 
error  analysis  was  performed  and  displayed  with  the 
plotted  data  points.  The  work  is  just  starting  to  sort  out 
systematic  errors  that  could  affect  the  analysis,  i.e.  beta, 
phase,  machine  tune,  the  corrector  kick  strength,  the  phase 
slip  factor. 
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Figure  5.  Horizontal  beam  position  at  location  208  as  a  function 
of  the  momentum  error. 


4.1  Phase  advances 

Figure  6  shows  the  deviation  of  the  measured  phase  ad¬ 
vances  from  that  of  model  calculation,  for  both  plane. 
The  phase  advance  analysis  is  in  principle  immune  to  the 
BPM  calibration  error.  The  RMS  deviation  as  shown  in 
the  plot  amounts  to  about  4  degrees  of  error. 


Station  in  Maters 

Figure  6.  This  is  a  plot  of  differences  between  the  measured 
phase  advances  and  phase  advances  calculated  from  model.  The 
quantity  displayed  is  in  unit  of  2*.  The  lower  plot  is  for  the 
horizontal  plane  and  upper  plot  for  vertical  plane. 
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4.2  Beta  function 

The  beta  function,  on  the  other  hand,  is  dependent  on  the 
calibration  of  the  BPM  signal,  along  with  all  other  as¬ 
sumptions  that  go  into  the  analysis.  Figure  7  shows  the 
measured  beta  function  along  with  the  model  calculation. 
The  fractional  deviation  from  the  model  is  plotted  in  Fig¬ 
ure  8.  In  both  plot  the  horizontal  plane  is  shown  at  the 
bottom  and  vertical  at  the  top. 


Station  ir*  H«t»rs 


Figure  7.  The  measured  Main  Injector  beta  functions  are  shown 
here  in  green  circles.  The  calculated  beta  functions,  at  the  corre¬ 
sponding  BPM  locations,  are  shown  in  solid  line. 


4.3  Dispersion  function 

Dispersion-free  regions  are  part  of  Main  Injector  design 
and  are  important  to  the  function  of  the  machine.  This  is 
confirmed  readily  from  the  data  in  part  because  it  requires 
only  null  result,  i.e.  no  position  movement  as  function  of 
energy  error. 


Station  In  Haters 


Station  In  Kotor* 

Figure  8.  The  horizontal  plane  beta  function  errors  are  shown  in 
the  lower  plot  and  the  vertical  plane  errors  in  the  upper  plot. 
The  vertical  axis  is  the  fractional  deviation  of  the  measured  beta 
function  with  respect  to  the  calculated  values. 


The  measured  dispersion  functions  in  both  horizontal 
and  vertical  plane  are  shown  in  Figure  9.  No  vertical  dis¬ 
persion  function  is  apparent,  as  expected.  There  are, 
however,  plenty  of  locations  where  the  dispersion  function 
deviates  from  the  design  value  by  as  much  as  0.4  meters. 

The  negative  dispersion  function  seen  on  the  plot  is  be¬ 
cause  Main  Injector  was  designed  to  runs  counter  clock¬ 
wise  with  proton.  For  a  right-handed  coordinate  system 
positive  horizontal  direction  is  toward  inside  of  machine. 
Beam  particles  with  larger  momentum  will  move  toward 
outside,  i.e.  the  negative  direction. 


Figure  9.  The  measured  dispersion  functions  are  plotted  in  green 
circles  and  the  calculated  dispersion  functions  at  the  correspond¬ 
ing  BPM  locations  are  shown  in  solid  line. 


5.  CONCLUSION 

The  analysis  result  shown  here  is  considered  very  pre¬ 
liminary.  More  measurement  in  the  future  will  no  doubt 
shed  more  light  on  the  consistency  of  measurement. 

During  commissioning  the  BPMs  have  worked  well. 
The  measurement  of  lattice  function,  however,  might  re¬ 
quire  a  level  of  precision  that  is  yet  to  be  understood. 
Cross-plane  signal  coupling  is  a  known  issue  for  the  Main 
Injector  BPMs.  Resolution  and  calibration  measurement 
using  beam  data  is  still  to  be  done. 

The  measured  phase  advances  around  the  Main  Injector 
ring  were  not  far  from  the  design  values.  The  measured 
beta  function  in  the  vertical  plane  appears  to  deviate  more 
significantly.  The  fact  that  data  appears  to  follow  the 
variation  of  the  design  suggests  some  credibility.  The 
measured  dispersion  function  is  another  indication  of  im¬ 
perfection  in  the  existing  lattice  and  that  can  not  be  ex¬ 
plained  as  from  BPM  error. 
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THE  RHIC/AGS  ONLINE  MODEL  ENVIRONMENTS:  EXPERIENCES 
AND  DESIGN  FOR  AGS  MODELING* 


K.  Brown* .  J.Niederer.  T.  Satogata,  A.  Alai  Tafti,  N.Tsoupas, 
J.  van  Zeijts,  BNL,  Upton,  NY 


Abstract 

The  RHIC/AGS  online  modeling  environment,  a  general 
client-server  modeling  package  that  supports  cdev  and 
straightforward  integration  of  diverse  computational  mod¬ 
eling  engines  (CMEs),  is  being  adapted  to  model  the  AGS 
and  Booster  at  BNL.  This  implementation  uses  a  version  of 
MAD  modified  at  BNL  that  allows  traditional  lattice  struc¬ 
ture  analysis,  single  pass  beam  line  analysis,  multi-particle 
tracking,  interactive  graphics,  and  the  use  of  field  maps. 
The  on-line  model  system  is  still  under  development,  a  real 
working  prototype  exists  and  is  being  tested.  This  paper 
will  describe  the  system  and  experience  with  its  design  and 
use  for  AGS  and  AGS  Booster  online  modeling. 

1  BNL  MAD 

One  of  the  paths  of  model  development  at  BNL  has  em¬ 
phasized  graphics  based  enhancements  to  the  usual  collec¬ 
tion  of  traditional  calculations.  This  emphasis  has  also  pro¬ 
voked  efforts  to  speed  up  these  calculations,  and  to  intro¬ 
duce  various  tools  that  make  it  easy  to  add  features  and 
new  sets  of  calculations.  These  graphics  based  programs 
are  similarly  attractive  as  on  line  tools  which  can  aid  in 
operating  the  various  accelerators  and  transfer  lines  in  the 
AGS  RHIC  complex.  Techniques  are  centered  around  a  li¬ 
brary  of  prepared  commands  stored  in  the  BNL  MAD  data 
base,  which  are  called  by  menu  from  the  console.  Graph¬ 
ics  services  are  contained  within  the  program  and  coupled 
directly  to  the  orbit  and  tracking  calculations.  Parameters 
can  be  changed  by  means  of  menus  and  sliders,  and  steps 
repeated  as  the  effects  of  parameters  are  observed  and  eval¬ 
uated. 

1. 1  Calibration  of  the  Model 

Ideally,  live  data  is  drawn  from  the  various  components  of 
the  accelerator,  and  used  to  describe  the  corresponding  el¬ 
ements  of  the  model.  Orbits  are  computed,  and  compared 
with  measured  orbits.  If  sufficient  care  has  been  taken  both 
to  verify  the  data  and  to  build  the  model,  perhaps  the  orbit 
of  the  model  agrees  with  the  measurements.  In  our  experi¬ 
ence,  there  have  often  been  glaring  discrepancies  between 
the  two,  compromising  any  reliance  on  the  use  of  models. 
The  kinds  of  problems  are  all  too  familiar.  A  few  unreliable 
measurements,  misaligned  apparatus,  inaccurate  elements 
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in  the  models  all  take  their  toll.  While  all  of  these  irritants 
can  be  improved  upon  over  time,  they  are  rather  unhealthy 
obstacles  to  satisfactory  on  line  models. 


We  can  make  use  of  a  series  of  virtual  correctors  in 
our  models  to  bring  model  computed  orbits  into  agreement 
with  measured  values.  In  this  technique  various  harmon¬ 
ics  are  placed  on  the  virtual  correctors,  and  fitted  so  the 
resulting  computed  orbit  best  matches  the  measured  orbit. 
The  scheme  is  rather  insensitive  to  missing  monitors  or  cor¬ 
rectors,  works  particularly  well  for  our  smaller  machines, 
and  produces  decent  matches  to  the  measured  orbits  with¬ 
out  marked  distortions.  Accompanying  graphics  shows  the 
build  up  of  the  fitted  harmonics,  and  whether  the  results  can 
be  trusted.  The  fitted  virtual  corrector  patterns  follow  the 
details  of  the  actual  orbits  considerably  better  than  a  sim¬ 
ple  harmonic  fit  to  the  measurements.  In  effect,  the  model 
is  now  realistically  matched  to  the  actual  machine,  and  fur¬ 
ther  work  with  it  is  likely  to  be  more  credible. 

Figure  1  illustrates  this  kind  of  fit  to  a  ragged  Booster 
orbit.  This  fit  is  drawn  beyond  the  actual  orbit  to  show  its 
continuity. 
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Figure  1 :  Booster  Orbit  Flattening  Calibration 
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1.2  Dynamic  Orbit  Correction 


1.3  Stability  Studies 


We  have  developed  models  of  automatic  orbit  correction 
systems  with  displays  that  help  to  evaluate  stability.  Com¬ 
ponents  include  neuron  like  objects  that  collect  signals,  ap¬ 
ply  filters,  and  pass  the  signals  on  to  overall  controllers  and 
then  correctors.  The  components  are  coupled  non  linearly, 
like  actual  neurons,  which  is  easily  shown  to  increase  the 
stability  of  these  schemes.  A  Micado  based  controller  is 
particularly  effective  at  localizing  responses  to  orbit  distor¬ 
tions.  Graphics  aids  help  to  demonstrate  convergence,  ef¬ 
fect  of  gain,  and  onset  of  instabilities.  Various  time  delays 
can  be  introduced,  and  their  effects  on  responses  observed. 
In  Figure  2,  we  show  the  response  of  a  24  corrector  system 
to  an  artificial  orbit  spike  in  an  AGS  model,  over  six  cycles 
of  read,  filter,  analyze,  and  set  correctors.  Here  the  gain  of 
.4  is  a  little  too  large,  so  there  is  a  noticeable  overshoot. 
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Figure  2:  AGS  Orbit  Flattening 
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Figure  3:  RHIC  Micado  based  Orbit  correction 


A  similar  configuration  can  be  used  to  observe  conver¬ 
gence  with  the  controller  algorithm.  In  Figure  3,  we  show 
the  response  of  a  Micado  based  correction  scheme  to  an 
exaggerated  static  error  distribution  used  for  spin  preserva¬ 
tion  studies  on  RHIC.  Both  X  and  Y  planes  are  shown  for 
three  cycles  of  a  Micado  iteration  with  all  the  signal  filters 
turned  off.  The  insertion  region  correctors  are  not  included. 


The  graphics  offer  a  particularly  dramatic  way  to  evaluate 
the  stability  of  a  particular  lattice  configuration.  A  calcu¬ 
lation  of  orbits  is  easily  iterated  for  a  few  values  of  some 
parameter,  such  as  the  strength  of  a  line  quadrupole,  and 
the  lattice  functions  observed.  The  range  of  iterated  values 
typically  covers  plausible  error  margins.  If  the  envelopes  of 
these  iterated  functions  are  narrow,  the  design  is  most  likely 
very  stable.  Similarly,  the  behavior  of  the  lattice  functions 
can  also  be  observed  for  varying  momentum  offsets  and  the 
various  other  optical  input  parameters.  Competing  designs, 
and  set  up  parameters  can  be  easily  compared.  In  Figure  4, 
the  stability  of  a  suggested  transfer  line  design  is  probed  by 
varying  all  quads  in  the  line  by  a  few  amperes.  In  Figure  5, 
the  stability  of  an  early  LHC  insertion  design  with  respect 
to  quad  strengths  at  injection  is  displayed.  Both  designs 
appear  to  be  unusually  stable  with  respect  to  drifts  in  quad 
values.  Both  are  similarly  insensitive  to  a  range  of  particle 
momenta. 
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Figure  4:  AGS  Booster  to  AGS  transfer  line 


While  lattice  designs  usually  involve  complicated  mul¬ 
tiparameter  fitting  via  conventional  matching  calculations, 
once  in  place  their  operation  is  greatly  aided  by  graphics 
displays  that  show  relative  sensitivities  of  orbit  functions 
and  dispersion  to  various  parameters.  Knob  twiddling  is 
seldom  the  best  way  to  optimize  among  twenty  or  so  vari¬ 
ables  involved  in  steering  beams. 

A  related  issue  in  accelerator  designs  is  the  sensitivity 
to  various  misalignment  and  mispowering  errors.  There  is 
often  some  doubt  about  bias  introduced  by  the  use  of  ran¬ 
dom  distributions,  which  tends  to  be  explored  by  iterating 
with  numerous  other  distributions.  Again,  our  orbit  func¬ 
tion  graphics  can  be  used  to  show  the  spread  of  effects  due 
to  a  variety  of  random  number  seeds  used  to  generate  error 
distributions. 
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Figure  5:  LHC  Insertion  Design 


1.4  Particle  Tracking 

A  graphics  based  procedure  has  been  developed  for  track¬ 
ing  charged  particles  in  the  presence  of  magnetic  fields 
changing  in  time  relative  to  the  usual  reference  conditions, 
as  in  acceleration  and  ejection  scenarios.  For  tracking  mod¬ 
els  to  be  realistic,  accurate  aperture  data  and  time  profiles 
of  the  changing  fields  must  be  included  in  the  description 
of  individual  lattice  elements.  Groups  of  particles  can  be 
selectively  captured  in  septum  elements,  and  then  further 
tracked  down  branch  lines  radiating  from  the  septum.  Vari¬ 
ous  initial  track  patterns  can  be  generated  by  selecting  from 
a  stored  library  of  commands,  and  single  or  multiple  track 
groups  can  be  followed.  This  tool  is  particularly  helpful  for 
operating  auxiliary  beam  lines. 

A  rather  simple  example  is  shown  in  Figure  6  in  which 
an  AGS  Booster  beam  is  coasting  inwards  as  the  main  field 
increases. 
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Figure  6:  AGS  Booster,  Tracking  with  Time  Varying  Fields 


2  THE  ON-LINE  MODEL  SERVER 

The  model  server  is  described  in  detail  in  [Satogata  [1]]. 
It  is  built  using  the  edev  generic  server  and  is  designed  to 
allow  integration  of  diverse  computational  model  engines. 
Integration  of  BNL  MAD  is  more  involved  (as  would  be 
any  monolithic  application  that  interfaces  solely  with  file 
I/O),  since  it  is  built  with  no  support  for  general  Unix  in¬ 
terprocess  communication. 

2. 1  Server  Interface 

To  connect  BNL  MAD  to  the  model  server  a  set  of  “wrap¬ 
per”  functions  are  built  which  are  encapsulated  into  the 
model  server.  The  wrapper  functions  for  BNL  MAD  con¬ 
nect  to  the  executable  using  named  pipes  and  can  be  put 
into  a  separate  server,  to  allow  the  model  server  to  commu¬ 
nicate  over  a  network.  The  main  part  of  this  work  builds 
a  middle-ware  which  allows  the  model  server  to  communi¬ 
cate  to  any  model  engine,  locally  or  over  a  network.  The 
reason  for  taking  this  approach  is  that  other  model  engines 
are  in  use  at  BNL  (transport,  turtle,  marylie,  etc.),  and  we 
will  want  to  be  able  to  interface  these  model  engines  to  the 
system.  Much  of  this  work  is  still  under  development.  To 
first  order  the  server  is  only  interested  in  obtaining  numer¬ 
ical  results  for  other  controls  applications  to  make  use  of 
(using  BNL  MAD  as  just  a  sophisticated  calculator).  But 
we  also  intend  to  have  clients  that  make  use  of  the  BNL 
MAD  graphics  utilities  and  the  full  power  of  BNL  MAD, 
and  so  the  interface  is  designed  to  be  encapsulated  directly 
into  client  applications  also. 

2.2  Supported  Platforms 

Presently  BNL  MAD  with  all  its  functionality  is  only  sup¬ 
ported  on  Silicon  Graphics  workstations.  This  is  because 
the  graphics  utilities  make  use  of  the  pre-OpenGL  tools  Ir- 
ixGL.  The  computational  engine  of  BNL  MAD  has  been 
ported  over  to  the  Sun  OS  platforms,  and  the  graphics  is 
currently  being  ported  over  to  OpenGL. 

3  CONCLUSIONS 

BNL  MAD  is  a  versatile  and  powerful  set  of  tools  which  is 
well  established  in  the  BNL  community  and  beyond.  These 
tools  are  capable  of  solving  complicated  design  problems 
as  well  as  being  used  to  test  against  experimental  results. 
With  the  added  capabilities  of  its  graphics  interfaces,  prob¬ 
lems  can  be  studied  and  solved  very  quickly.  The  design 
process  is  greatly  enhanced  as  a  result.  It  is  natural  to  want 
to  incorporate  these  sophisticated  applications  into  the  ac¬ 
tual  accelerator  controls,  or  at  least,  put  it  into  the  hands 
of  the  accelerator  operators  to  be  used  as  a  tuning  guide. 
We  believe  this  is  feasible  and  have  taken  the  first  steps  in 
implementing  it. 
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Abstract 

By  modulating  the  rf  voltage  at  near  twice  the  synchrotron 
frequency  we  are  able  to  modulate  the  longitudinal  bunch 
shape.  We  show  experimentally  that  this  can  be  done  while 
preserving  the  longitudinal  emittance  when  the  rf  voltage 
modulation  is  turned  on  adiabatically.  Experimental  mea¬ 
surements  will  be  presented  along  with  theoretical  predic¬ 
tions. 

1  INTRODUCTION 

We  have  studied  adiabatic  excitation  of  bunch  shape  oscil¬ 
lations  both  theoretically  and  in  experiments  performed  at 
Brookhaven’s  Alternating  Gradient  Synchrotron  (AGS),  rf 
voltage  was  adiabatically  modulated  in  order  to  excite  para¬ 
metric  resonances.  Similar  studies  are  described  in  ( 1 , 2, 3], 
In  our  studies  we  focused  on  the  adiabatic  creation  of  a 
parametric  resonance,  such  that  the  emittance  of  the  bunch 
was  preserved.  In  this  way  we  were  able  to  achieve  very 
tight  bunches  at  high  proton  beam  intensities. 

This  technique  was  exploited  during  our  fast  proton  ex¬ 
traction  run  for  the  g-2  experiment  [4],  which  needed  short 
muon  beam  pulses  produced  by  short  proton  bunches,  to 
most  effectively  exploit  the  pulse  width  of  the  injection 
kicker  into  their  storage  ring.  Beam  is  extracted  in  single 
multiple  bunch  pulses  at  a  rate  of  30  Hz.  To  synchronize 
the  extraction  kicker  pulses  with  the  minimum  bunch  width 
we  modulated  the  AGS  rf  gap  voltage  at  180  Hz,  and  ad¬ 
justed  the  average  rf  gap  voltage  such  that  the  synchrotron 
frequency  of  the  central  particle  was  just  under  90  Hz.  This 
allowed  the  bunch  shape  to  modulate  at  almost  50%  of  the 
normal  bunch  width.  This  is  more  than  twice  the  range 
achievable  by  just  raising  the  gap  voltage  of  the  AGS  rf 
cavities. 

In  our  experiments  we  slowly  ramped  the  drive  ampli¬ 
tude  of  the  rf  voltage.  We  ramped  the  drive  frequency  while 
ramping  the  drive  amplitude.  While  ramping  the  voltage 
amplitude  and  while  holding  it  in  steady  state  with  fixed 
frequency  at  the  peak  amplitude,  the  average  rf  voltage  am¬ 
plitude  is  kept  constant  over  a  full  modulation  cycle,  so  that 
the  average  synchrotron  tune  is  unchanged.  If  the  drive 
frequency  is  just  above  twice  the  synchrotron  frequency 
then,  as  we  will  show,  there  is  no  blow-up  of  the  longi¬ 
tudinal  emittance.  In  experiments  we  studied  the  effects 
of  drive  frequencies  from  well  above  twice  the  synchrotron 
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frequency,  as  well  as  frequencies  well  below  twice  the  syn¬ 
chrotron  frequency. 

We  compare  tomographic  reconstructions  of  the  bunch 
to  our  models.  The  reconstructions  required  great  care, 
since  the  rf  amplitude  varied  over  a  large  range.  Despite 
this  fact  we  were  able  to  accomplish  very  good  reconstruc¬ 
tions. 

2  LONGITUDINAL  MOTION  WITH 
MODULATED  FOCUSING  STRENGTH 

The  synchrotron  motion  can  be  described  using  the  con¬ 
jugate  phase  space  coordinates  (4>,  S  =  )  where  cp  is 

the  particle  phase  relative  to  the  synchronous  particle,  h  the 

harmonic  number,  77  the  phase  slip  factor,  us  = 
the  synchrotron  tune  at  zero  amplitude  without  modulation 
and  p  the  particle  momentum.  The  discrete  synchrotron 
equations  for  a  stationary  bucket  above  transition  can  then 
be  written  as  [5,  3] 

<l>n+l  =  4*n  "E  271-1^  <5n+i  (1) 

£n+i  =  tin  +  2nus[l  +  e  sin(i/m0„+i  +  *)]  sin  <pn 

where  e  is  the  percentage  of  rf  voltage  modulation,  vm  is 
the  modulation  tune,  x  the  initial  modulation  phase  and  the 
orbital  angle  9  a  time-like  variable.  Eqs.  (1)  corresponds  to 
the  Hamiltonian 

H  =  y(52  +  ^[1  +  esin(j/m0  +  *)][1  -  cos<p].  (2) 

For  particles  within  a  bucket  the  canonical  transforma¬ 
tion  cp  =  y/2J  cos  ip,  5  =  —  v2J  sin  ip  to  action-angle  vari¬ 
ables  can  be  used,  which  allows  to  go  into  a  rotating  coor¬ 
dinate  frame  later.  The  Hamiltonian  can  now  approximated 
by  [3] 

H  =  vsJ  -  ^J2  +  J/sesin(z/m0)[l  -  J0(V2J)] 
lo 

00 

+  £(Affa)+Afl£))  with  (3) 

it=i 

A =  i^e(-l)fe+1  J2fe(v/2J)sin(t'm0  ±  2kip). 

The  J„  are  Bessel  functions  of  the  order  n  and  we  have 
set  x  =  0  for  convenience.  If  the  modulation  tune  is 
only  slightly  different  from  twice  the  synchrotron  tune  the 
term  A in  Eq.  (3)  is  only  slowly  changing  with  time 
while  all  other  terms  A  Hyp  are  rapidly  oscillating  and 
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are  therefore  neglected.  We  now  go  into  a  coordinate  sys¬ 
tem  that  rotates  around  the  origin  with  half  the  modula¬ 
tion  tune  by  using  the  canonical  transformation  J  =  J, 
=  ip  —  The  new  Hamiltonian  has  terms  os¬ 

cillating  at  vm,2um,...  which  average  to  zero  over  time  and 
the  time  averaged  Hamiltonian  in  this  coordinate  system 
is  [3] 

(H)  =  {ua  -  ^ )J  -  ^ P  +  ^eJcos2V;  (4) 

The  investigation  of  fixed  points  of  the  Hamiltonian  (4) 
leads  to  the  following  result: 

(a)  If  vs(2  +  |)  <  vm  =>  The  origin  3  —  0  is  the  only 
fixed  point,  a  stable  one. 

(b)  If  vs{2  -  |)  <  vm  <  vs{2  +  f)  =>  There  is  one 
unstable  fixed  point  at  the  origin  and  two  stable  fixed 
points  at  J  =  8(1  —  ff-)  +  2e  and  ip  =  0, 7r. 

(c)  If  vm  <  i/s(2  —  |)  =>  There  is  a  stable  fixed  point  at 
the  origin,  two  more  stable  fixed  points  at  J  =  8(1  — 

+  2e  and  ip  =  0,  -k  and  two  unstable  fixed  points 
at  J  -  8(1  -  %%)  ~  2e  and  ip  =  f , 

We  work  in  the  regime  ( b )  where  particles  are  pushed  away 
from  the  origin  and  held  in  two  islands.  This  situation  is 
depicted  in  Fig.  1  and  known  as  a  parametric  resonance  [6]. 


-2  -1  01  2 
y/2J  cos  i!’ 


Figure  1 :  Particle  trajectories  in  a  surface  of  section  of  the 
Hamiltonian  (4)  for  case  (b). 


To  reach  the  state  depicted  in  Fig.  1  the  modulation  depth 
e  is  increased  adiabatically,  typically  over  25  synchrotron 
periods. 


3  EXPERIMENTAL  RESULTS 

The  experiments  of  adiabatically  modulating  the  rf  cavity 
were  conducted  with  the  AGS  high  intensity  proton  beam 
at  24  GeV. 

To  achieve  the  adiabatic  excitation  of  the  parametric  res¬ 
onance,  the  amplitude  of  the  rf  voltage  modulation  was 
slowly  ramped  up  in  about  10  synchrotron  oscillations,  kept 
fixed  for  about  30  synchrotron  oscillations  and  then  slowly 


ramped  down  to  zero.  Fig.  2  shows  typical  scope  signals 
of  this  process:  the  modulated  rf  voltage,  the  beam  peak 
detector  signal  and  the  beam  current  signal. 
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Figure  2:  Typical  scope  signals  with  the  modulated  rf  volt¬ 
age  signal,  the  beam  peak  detector  signal  and  the  beam 
current  signal.  The  time  scale  on  the  horizontal  axis  is 
0.1  sec/div. 


The  rf  voltage  was  driven  by  an  amplitude  modu¬ 
lated  sinusoidal  signal  generated  by  a  waveform  genera¬ 
tor  (WaveTek  296).  The  average  of  the  rf  voltage  was  kept 
unperturbed.  The  beam  peak  detector  measures  the  peak 
of  the  beam  pulse  obtained  from  a  wall  current  monitor. 
Assuming  the  beam  current  is  constant,  the  narrower  the 
bunch  length,  the  higher  the  beam  peak  detector  signal. 

Adiabatically  Excited  Bunch  Shape  Oscillations 
Drive  Freq.  185  Hz,  Synchrotron  Freq.  -85  Hz 

12  | - r - ’ - t - ■ - . - ■ - I 


time  (usee) 


Figure  3:  Driven  bunch  shape  oscillations  seen  with  the 
wall  current  monitor. 


The  average  synchrotron  frequency  in  Fig.  2  is  85  Hz, 
and  the  rf  voltage  drive  amplitude  e  =  0.8.  The  rf  voltage 
signal  and  the  beam  peak  detector  signal  shows  that  the 
bunch  shape  oscillations  nicely  follow  the  rf  voltage  mod¬ 
ulation.  The  staronger  the  rf  voltage  is  driven,  the  stronger 
the  bunch  shape  oscillates.  As  the  rf  voltage  modulation  is 
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ramped  down  to  zero,  the  bunch  shape  oscillation  is  also 
diminished.  This  indicates  that  the  parametric  resonance 
was  excited  adiabatically. 

The  corresponding  beam  longitudinal  profile  evolution 
is  shown  in  Fig.  3  in  the  mountain  range  fashion.  It  clearly 
shows  the  bunch  shape  oscillation  when  the  rf  voltage  was 
driven  at  185  Hz,  twice  the  synchrotron  oscillation  fre¬ 
quency. 

Since  va  —  0.23,  vm  =  0.5  and  e  =  0.8  satisfy 

i/s(2  -  |  =  0.368  <  i >m<  2  +  |)  =  0.552,  (5) 

two  stable  fixed  points  (SFTs)  were  developed.  The  beam 
was  stretched  into  the  two  islands  around  these  two  SFTs 
and  shaped  like  a  “dumb-bell”,  as  shown  in  the  Tomo¬ 
graphic  reconstruction  of  the  bunch  Fig.  4. 
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Figure  4:  Phase  space  reconstruction  of  the  bunch. 

The  bunch  length  was  also  measured  with  different  mod¬ 
ulation  frequencies  while  the  rf  voltage  drive  amplitude 
was  kept  fixed.  Fig.  5  shows  that  the  minimum  bunch 
length  becomes  shorter  when  the  rf  voltage  is  driven  closer 
the  resonance  frequency 


Modulations!  Frequency  [Hz] 


Figure  5:  Measured  bunch  length  versus  modulation  fre¬ 
quency. 


4  CONCLUSIONS 

By  modulating  the  rf  voltage  at  twice  the  synchrotron  fre¬ 
quency,  a  parametric  resonance  can  be  excited.  The  longi¬ 
tudinal  beam  emittance  can  be  preserved  if  the  excitation 
is  adiabatic.  This  technique  can  allow  us  to  obtain  very 
short  bunches  and  was  successfully  applied  in  the  AGS  fast 
extraction  of  high  intensity  proton  beam  for  the  g-2  experi¬ 
ment,  which  requires  proton  beam  with  short  bunch  length. 
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Abstract 

An  integrated  online  modeling  environment  is  currently  un¬ 
der  development  for  use  by  AGS  and  RHIC  physicists  and 
commissioners.  This  environment  combines  the  modeling 
efforts  of  both  groups  in  a  CDEV[1]  client-server  design, 
providing  access  to  expected  machine  optics  and  physics 
parameters  based  on  live  and  design  machine  settings.  An 
abstract  modeling  interface  has  been  designed  as  a  set  of 
adapters[2]  around  core  computational  modeling  engines 
such  as  MAD  and  UAL/Teapot++[3].  This  approach  al¬ 
lows  us  to  leverage  existing  survey,  lattice,  and  magnet  in¬ 
frastructure,  as  well  as  easily  incorporate  new  model  engine 
developments.  This  paper  describes  the  architecture  of  the 
RHIC/AGS  modeling  environment,  including  the  applica¬ 
tion  interface  through  CDEV  and  general  tools  for  graph¬ 
ical  interaction  with  the  model  using  Tcl/Tk.  Separate  pa¬ 
pers  at  this  conference  address  the  specifics  of  implement¬ 
ation  and  modeling  experience  for  AGS  and  RHIC. 

1  MOTIVATION  AND  SCOPE 

Over  the  past  five  years,  an  infrastructure  has  been  de¬ 
veloped  in  the  RHIC  project  that  integrates  delivered 
magnet  measurements,  offline  long-term  particle  tracking, 
and  survey  of  installed  RHIC  components.  Both  design 
and  'as  built'  optics  models  of  RHIC  are  routinely  pro¬ 
duced.  Accelerator  applications  being  developed  for  com¬ 
missioning  require  a  consistent  optics  model  framework 
that  builds  upon  this  effort,  maintaining  consistency  from 
design  through  construction  and  installation  to  commis¬ 
sioning.  However,  the  tracking  and  optics  programs  used 
for  design  and  magnet  production  feedback  could  not  be 
easily  adapted  for  use  by  RHIC  controls  applications. 

We  have  developed  an  online  modeling  environment 
used  by  various  RHIC  correction  applications  (e.g.  orbit, 
tune,  chromaticity,  coupling)  to  access  design,  as-built,  and 
live  optics  data  generated  by  optics  model  engines.  By  us¬ 
ing  a  client-server  model  and  an  abstracted  modeling  inter¬ 
face  layer,  this  becomes  a  generic  modeling  environment 
that  can  also  be  used  for  AGS  and  AGS/Booster  applic¬ 
ation  modeling  and  calculation.  Multiple  model  engines 
with  different  interfaces  and  implementations  are  suppor¬ 
ted  by  a  common  CDEV  interface  for  application  use. 

The  online  model  design  discussed  here  is  not  inten¬ 
ded  to  supply  a  full  control-system  simulation  of  an  op¬ 
erational  accelerator  control  system  (cf.  Fermilab's  Open 
Access  Server).  At  this  time  there  are  no  plans  to  imple¬ 
ment  such  a  simulation  service  for  RHIC. 
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1 .  Read/write  flat  machine  lattice  descriptions 

2.  Read/set  individual  magnet  parameters: 

•  Strength  (including  combined  function  magnets) 

•  Offset  from  design  (2D) 

•  Multipole  corrections  and  errors 

•  Survey  and  layout 

3.  Read/Set  boundary  conditions 

•  Single-particle  initial  coords,  energy,  species 

•  Bunch  initial  conditions  (groups  of  particles) 

•  Beamline  initial  lattice  functions 

4.  Calculate  optics  to  reasonable  order: 

•  Tunes  ( Qx ,  Qy,  Qs) 

•  Transition  energy,  7 t 

•  Lattice  functions  (/?,  a,  phases,  77,. . . ) 

•  6D  orbit,  football  transfer  matrices 

•  First-turn  and  closed  orbits 

. . .  Future  development,  specialty  CMEs 

•  Perform  constrained  model-based  corrections 

•  Produce  Taylor  Expansions,  maps,  DA  forms 

•  Perform  single-particle  and  bunch  tracking 

Table  1 :  A  summary  of  CME  computational  capabilities  in 
the  RHIC/AGS  Online  Model  Environment. 

2  COMPUTATIONAL  MODEL  ENGINES 

A  computational  modeling  engine  (CME)  is  an  acceler¬ 
ator  simulation  that  provides  an  interactive  interface  (usu¬ 
ally  an  interpreted  script)  to  a  small  set  of  modeling  cap¬ 
abilities.  These  CMEs  are  the  core  of  any  accelerator 
modeling,  online  or  offline  —  they  are  the  algorithmic 
guts  and  interfaces  that  transform  lattice  and  beam  defin¬ 
itions  into  beam  physics  output.  UAL/Teapot++is  the 
CME  currently  in  use  for  RHIC  design  and  commissioning. 
Other  commonly-used  CMEs  include  Teapot,  TRANS¬ 
PORT,  SYNCH,  COSY,  and  MAD,  and  several  locally- 
modified  versions  of  MAD  are  also  used  and  maintained 
by  AGS  beam  physicists  [4]. 

Online  modeling  requires  interactive,  real-time  CMEs. 
Most  popular  CMEs  are  used  by  accelerator  designers 
and  modelers  in  a  batch  job  mode,  driven  by  command 
scripts  written  in  highly  idiomatic  command  languages, 
and  parsed  and  interpreted  line  by  line.  Though  the  script 
interface  can  also  be  used  interactively,  optics  output  is 
usually  only  output  to  files,  an  inefficient  path  for  applica¬ 
tion  interaction  with  a  CME.  The  online  modeling  architec¬ 
ture  described  here  abstracts  the  common  features  of  many 
CMEs  into  a  simple  network  command  interface  that  can 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2728 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


be  used  by  accelerator  applications  on  distributed  controls 
consoles. 


Client  Applications 


CMEs  load  accelerator  lattice  definitions  using  another 
idiomatic  language,  though  there  is  much  more  common¬ 
ality  here  as  many  accelerator  codes  use  the  the  MAD  in¬ 
put  language.  Standard  Machine  Format  (SMF).  However, 
SMF  is  cumbersome  or  deficient  in  some  areas  required 
to  model  a  fully  hierarchical  design  model  of  an  acceler¬ 
ator,  modified  by  'as-built'  constraints.  Recent  collabor¬ 
ative  efforts  between  several  labs  have  made  progress  to¬ 
wards  developing  SXF,  a  Standard  Exchange  Format,  to  su¬ 
persede  SMF  for  collaborative  LHC  design  work  [5].  The 
RHIC/AGS  modeling  environment  provides  an  abstract  in¬ 
terface  to  lattice  and  strength  table  read/write,  allowing 
adaptors  to  be  easily  written  that  integrate  local  lattice 
databases  and  definitions  with  various  CMEs  in  the  online 
model. 

Functional  requirements  for  CMEs  are  derived  from  ap¬ 
plication  and  commissioning  priorities,  as  well  as  com¬ 
monality  of  existing  CME  functionalities.  Experience  has 
shown  that  the  most  common  requests  to  an  online  CME 
during  commissioning  are  those  shown  in  Table  1.  In  par¬ 
ticular,  one  must  be  able  to  change  magnet  strengths  and 
offsets,  and  calculate  full  6D  linear  optics  parameters  for 
use  in  control  application  analysis  and  correction.  Many 
CMEs  are  capable  of  these  calculations  with  very  similar 
interfaces,  though  they  vary  wildly  in  their  implementa¬ 
tions  and  compromises  between  speed  and  completeness. 


3  SERVER  ARCHITECTURE 

The  client-server  architecture  for  RHIC/AGS  online  mod¬ 
eling  is  shown  in  Figure  1.  Client  applications  interact 
with  the  model  via  CDEV  calls,  as  described  in  Section  4. 
Each  model  server  for  a  supported  CME  is  compiled  from 
several  C++classes.  The  CDEV  modeling  interface  is 
provided  by  a  CDEV  Model  Server  class  that  is  derived 
from  the  CDEV  Generic  Server[6];  derived  servers  may  ex¬ 
tend  the  interface  to  provide  extended  access  to  underlying 
CME  capabilities  and  data  structures. 


3. 1  Generic  model  data  classes 
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Figure  1 :  The  RHIC/AGS  online  model  architecture.  Each 
running  model  server  is  a  separate  unix  process,  binding 
the  server  interface  to  an  instance  of  a  CME. 


3.2  CME  Adapters 

Each  CME  must  have  an  adapter  class  that  translates  gen¬ 
eric  method  calls  from  the  server  to  CME-specific  function 
calls  or  implementations.  Writing  such  an  adapter  is  the 
major  effort  required  to  integrate  a  new  CME  into  this  en¬ 
vironment.  All  CME  adapters  are  derived  from  a  parent 
interface  class;  this  general  interface  is  then  used  by  the 
model  server  when  making  requests,  and  the  model  data 
classes  are  used  to  retrieve  optics  and  lattice  output. 

CME  translation  and  interface  becomes  complicated 
when  the  CME  only  has  a  parsed  scripting  interface  that 
is  not  easily  bindable  (e.g.  AGS/MAD,  or  MAD  with  no 
source  libraries).  In  these  cases  the  CME  adapter  must  fork 
a  separate  process  instance  of  the  CME  and  interact  with 
it  via  file  descriptors,  generating  command  text  and  pars¬ 
ing  output  files  as  requests  are  made.  Other  CMEs  (such 
as  UAL/Teapot++)  that  have  direct  C++object  interfaces 
may  be  used  directly  in  the  CME  via  shared  libraries  that 
are  loaded  at  run-time. 


The  model  server  uses  a  small  set  of  generic  model  data 
classes  to  provide  the  data  interface  between  optics  and 
magnet  settings  in  the  CME  and  the  model  server  class. 
This  supports  the  CME  capabilities  in  Table  1,  and  in¬ 
cludes  arrays  of  lattice  functions  at  user-specified  mon¬ 
itor  elements,  as  well  as  matrices  for  higher-order  optics. 
All  model  data  follows  Teapot  unit  and  coordinate  conven¬ 
tions,  for  initial  implementation  convenience.  However, 
the  current  strongly-typed  model  data  class  is  not  dynamic¬ 
ally  extensible  to  accommodate  different  CME  data  struc¬ 
tures,  and  this  data  class  will  be  reimplemented  as  a  generic 
cdevData  container  extension  in  the  near  future. 


3.3  Lattice  adapters 

Lattice  adapters  provide  translations  from  one  lattice  rep¬ 
resentation  to  another  within  a  given  environment,  such  as 
a  control  system  or  accelerator  design  project.  They  separ¬ 
ately  implement  read/write  of  accelerator  lattices  and  sur¬ 
vey  (slowly-changing  or  static  layout),  and  magnet  strength 
(dynamic  control)  information.  In  particular,  they  can  also 
implement  methods  to  load  live  accelerator  magnet  settings 
from  the  control  system  into  the  model,  allowing  interact¬ 
ive  online  comparisons  between  live  and  expected  machine 
optics. 
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1.  Names  and  Strengths: 

•  SiteWideNames 

•  ModelStrength:  in  physics  units 

2.  Model  Output: 

•  LatticeFunctions 

•  Orbit 

•  muX,  muY:  tunes  for  circular  lattices 

•  chromX,  chromY:  chromaticities 

•  gammatransition 

3.  Response  Matrices: 

•  SteeringMatrix:  for  beamline  steering 

•  ClosedOrbitMatrix:  for  closed  orbit  correction 

•  OscillationMatrix:  for  coherent  oscillation  cor¬ 
rection 

•  MatchingMatrix:  for  betatron  matching 

•  TuneMatrix:  for  tune  correction 

•  GammaTransitionMatrix:  for  yt  correction 


Table  2:  Model  keywords  for  requests  to  the  CME  server 


Figure  2:  The  RHIC  injection  application. 


4  CDEV  CLIENT  INTERFACE 

The  client  side  of  the  CME  server  consists  of  several  CDEV 
'device'  classes,  and  specific  attributes  for  each  class.  The 
attributes  for  a  model  device  are  summarized  in  Table  2. 
The  message  interface  allows  access  to  the  model  by  using 
'get'  and  'set'  verbs,  or  notification  on-change  by  using  the 
'monitorOn'  verb,  where  callbacks  will  be  triggered  when 
the  underlying  data  changes.  This  notification  allows  mul¬ 
tiple  clients  to  stay  synchronized  when  magnet  parameters 
or  injection  parameters  are  changed  within  the  model. 

For  retrieving  response  matrices  we  have  followed  the 
naming  conventions  used  in  the  'BeamOptics'  code  [7]; 
in  Table  2  we  list  the  requests  for  several  types  of  these 
matrices.  Each  request  takes  appropriate  lists  of  magnet 
names  and  position  pickups,  which  are  then  sent  as  tagged 
entries  in  cdevData  interface  to  the  model.  Optionally,  the 
outgoing  context  data  specifies  an  interest  in  a  subset  of  the 
default  return  data;  for  instance,  this  allows  a  lattice  func¬ 
tion  call  to  only  return  f3x  and  ax  instead  of  the  full  set. 


5  APPLICATION  EXAMPLES 

Currently  several  applications  at  RHIC  use  the  interface 
described  here  to  access  the  UAL/Teapot++CME.  They 
include  the  RHIC  orbit  correction  application,  the  RHIC 
injection  application^],  the  ATR  emittance  measurement 
application,  the  RHIC  Ramp  Editor[9],  and  several  Tcl/Tk 
scripts  that  are  used  for  lattice  function  visualization,  and 
what-if  scenarios.  As  an  example  we  show  in  fig.  2  the 
interface  to  the  RHIC  injection  application,  displaying  a 
CME-derived  orbit. 
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Abstract 

A  low  beta  lattice  with  /?*//3*=100/l  cm  has  been  realized 
in  the  KEKB  colliding  rings.  The  basic  optical  parameters 
have  been  measured  and  compared  with  the  model. 

1  MODELING 

KEKB[l]is  an  8  GeV  electron  +  3.5  GeV  positron  double¬ 
ring  collider  (HER  and  LER)  with  a  single  interaction  point 
(IP)  for  the  Belle  detector.  The  beta  function  at  IP  is  de¬ 
signed  to  be  1  cm  in  the  vertical  plane  (f3*  =  1  cm)  and  a 
horizontal  beam  crossing  angle  of  22  mrad  is  adopted  for 
collisions  at  a  bunch  spacing  of  59  cm.  Following  counter 
solenoids  which  locally  compensate  the  detector  solenoid 
field,  eight  special  quadrupole  magnets,  listed  Table  1,  are 
installed  around  IP.  QCSR  and  QCSL  are  superconducting 
magnets  which  are  common  in  both  rings.  The  other  nor¬ 
mal  magnets  have  special  shapes  with  field  free  space  for 
the  counter-rotating  beams.  The  modeling  of  those  special 
magnets  is  one  of  the  most  important  issues  in  the  lattice  de¬ 
sign.  The  results  of  magnetic  field  measurements  have  been 
taken  into  account  in  the  model  as  much  as  possible.  Design 
and  simulation  works  have  been  done  by  the  code  SAD[2] 
developed  at  KEK. 


Magnet(Type) 

n 

(mm) 

B' 

(T/m) 

xm/  Vm 

(mm) 

Beam 

QC2LE  (N) 

60 

3.2 

68/13 

e~  | 

QC2LP  (N) 

45 

6.1 

57/10 

e+  T 

QC1LE  (N) 

38 

-14.2 

22/21 

e  1 

QCSL  (S) 

IP 

-21 

13/20 

c"  1  e+  T 

QCSR  (S) 

-21 

14/24 

e"  |  e+  T 

QC1RE  (N) 

70 

-13.2 

29/27 

e~  i 

QC2RP  (N) 

42 

2.9 

69/12 

e+  T 

QC2RE  (N) 

60 

10.8 

69/16 

e~  i 

Table  1:  Special  quadrupole  magnets  near  IP.  rt,  is  the  bore 
radius,  B'  the  field  gradient,  xmandym  the  maximum  am¬ 
plitudes  of  the  injected  beams  in  the  horizontal  and  vertical 
planes. 


*  visiting  from  IHEP,  China 
'  visiting  from  BINP,  Russia 


1.1  QCS  and  solenoid 

The  field  distribution  along  the  longitudinal  direction  in  the 
solenoid  area  is  given  by  4  cm-thick  slices  with  a  constant 
field.  Both  QCSs  are  included  in  this  area,  and  are  also  di¬ 
vided  into  slices  with  normal  and  skew  multipoles  up  to  the 
32-th  pole.  The  magnitude  of  multipole  components  were 
estimated  from  the  results  of  field  measurements^].  Since 
the  outgoing  beams  pass  the  QCSs  at  off-axis,  it  is  necessary 
to  express  the  transverse  distribution  with  sufficient  accu¬ 
racy  at  ~  60  mm  away  from  the  center.  To  optimize  the  x-y 
coupling,  the  QCSR  and  QCSL  are  set  to  be  rotated  by  35.6 
and  -10.8  mrad,  respectively. 


QCSR  ECSR  IP  ECSL  QCSL 


Figure  1 :  Model  of  QCS  and  compensation  solenoid  sys¬ 
tem. 


1.2  QC IRE  and  Others 

QC1RE  is  a  half  quadrupole  for  HER.  The  beam  passes 
through  45  mm  off-axis  of  the  virtual  center  of  QC1RE  in 
the  horizontal  plane.  The  integrated  dipole  field  obtained 
from  the  field  measurement  along  the  beam  trajectory  is 
consistent  with  3-dimensional  calculation  and  amounts  to 
an  additional  kick  of  1.1  mrad,  which  is  incorporated  as 
thin  dipole  magnets  attached  at  both  edges  of  QC1RE.  The 
dynamic  aperture  with  measured  values  of  the  higher  mul¬ 
tipoles  was  checked  for  some  of  the  normal  quadrupoles, 
which  was  found  to  be  marginal  compared  with  the  require¬ 
ments. 


0-7803-5573-3/99/$  10.00®  1999  IEEE. 
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1.3  Lattice  for  BEAST 

The  commissioning  has  commenced  with  /3 *//?*= 100/2 
cm,  and  the  reduction  of  (3*  to  =1  cm  has  been  succeeded 
in  both  rings[4].  The  chromaticity  correction  has  fully  uti¬ 
lized  52-family  noninterleaved  sextupole  pairs  and  verti¬ 
cal  2-family  pairs  for  the  local  correction  only  in  LER.  The 
commissioning  lattice  has  slightly  modified  for  the  BEAST 
detector,  removing  the  detector  solenoid.  Because  QCSs 
are  already  rotated,  the  x-y  coupling  should  be  corrected 
even  without  the  detector  solenoid.  The  rotations  of  normal 
IR  quadrupoles  have  also  been  changed  and  the  compensa¬ 
tion  solenoids  have  been  excited  to  10%  of  the  nominal  val¬ 
ues  to  minimize  strengths  of  skew  quadrupoles.  In  order  to 
adjust  orbits  and  dispersions,  local  orbit  bumps  have  been 
applied  in  the  interaction  region  (IR)  as  shown  in  Fig.  2. 


-100  -50  0  60  100 

- -  if  IP  t  j 

beam  SLR  SLR  SLL  SLL 

Figure  2:  LER  optical  functions  in  IR.  SLL  and  SLR  are 
sextupoles  for  the  local  chromaticity  correction. 


2  MEASUREMENT  OF  BASIC 
PARAMETERS 

2.1  Closed  Orbit 

The  global  closed  orbit  has  been  successfully  corrected  with 
conventional  methods  (SVD  and  MICADO)  better  than  0.6 
mm  rms.  The  local  bumps  has  also  been  used  for  fine  tuning 
and  for  diagnostics  of  machine  errors. 

2.2  Transverse  tune 

Even  a  few  steps  of  improvements  of  the  model  lattice  as 
listed  Tables  2  and  3,  the  measured  tunes  still  have  some  dif¬ 
ference  from  the  model  in  both  rings.  It  is  necessary  to  pre¬ 
cise  calibration  between  various  magnets  (superconducting, 
normal,  IR  quadrupoles  with  special  shapes)  to  identify  er¬ 
ror  sources. 

2.3  Dispersion 

The  measured  values  of  horizontal  dispersions  agree  with 
the  model  within  16%  in  LER  and  6%  in  HER.  Sometimes  a 
large  vertical  dispersion  has  been  observed,  which  depends 


on  the  vertical  orbit.  The  vertical  dispersion  has  been  de¬ 
creased  to  a  reasonable  level  by  adequate  tuning  of  the  ver¬ 
tical  orbit,  in  particular,  at  sextupoles. 


Source 

Aux 

A  vv 

(a)  Flat  rectangular  dipole 

0 

0 

(b)  Edge  angle 

0 

0.40 

(c)  Slope  of  By,  By  —  By(s) 

0 

-0.037 

(d)  Integrated  quadrupole 

0.057 

-0.056 

(e)Integrated  sextupole, 

/  By(s)x(s)ds 

0.114 

-0.112 

Table  2:  Model  of  LER  dipole  magnet.  The  quadrupole 
and  sextupole  components  are  estimated  from  the  results  of 
field  measurements[5].  ModelB  and  A  are  with  and  without 
Source(e). 


LER 

Avx,A  Vy 

HER 

Avx,Avy 

/3*=2  cm 

Adjust  energy,  QCS 

-0.01,-0.30 

0.12,-0.08 

LER  dipole  modelA 
with  fudge  factors  (*) 

+0.04,-0.10 

LER  dipole  modelB 
(no  fudge  factors) 

-0.14,  -0.20 

Adjust  QCS 
£*=1  cm 

-0.13,-0.19 

0.12,-0.09 

Adjust  tunes,  orbits, 
chromaticity,  etc. 

-0.07,  -0.22 

+0.07,  -0.06 

Table  3:  History  of  tune  deviations  from  the  model  lattice. 
(*)Fudge  factors  of  -0.4%  and  -0.8%  were  applied  for  tow 
families  of  quadrupole  magnets  in  unit  cells,  QD3P(40)  and 
QD5P(48),  respectively. 


2.4  Chromaticity 

The  examples  of  the  chromaticity  measurement  are  shown 
Fig.4.  The  differences  from  the  model  are  not  so  big,  but 
amount  to  5  in  the  vertical  direction  in  the  /3*=lcm  case.  It 
is  necessary  to  adjust  tunes  of  the  model  lattice  to  the  mea¬ 
sured  ones  in  finding  solution  of  strengths  of  sextupoles. 

2.5  (3  Function 

Big  mismatch  of  LER  optics  in  the  vertical  direction  was 
observed  both  in  the  response  of  single  kick  orbits  [6]  and 
in  measurements  with  trim  coils  of  normal  quadrupoles  as 
shown  in  Fig.6.  The  matching  was  greatly  recovered  by  ad¬ 
justing  field  strengths  of  QCSs  by  +0.8%,  which  was  de¬ 
termined  by  analyzing  the  leakage  orbit  of  the  local  bump 
at  QCSs.  After  recent  refinements  of  the  QCS  model  by 
subtracting  effects  of  the  return  yoke  of  the  Belle  detector, 
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QCSs  still  look  stronger  by  0.37%  than  other  quadrupole 
magnets  in  LER.  In  HER,  (3y  at  QCSs  and  QCls  are  con¬ 
sistent  with  the  model  in  10%.  Further  measurements  and 
analysis  are  now  being  in  progress. 

The  authors  thank  K.  Egawa,  S.-I.  Kurokawa, 
K.  Nakayama,  K.  Tsuchiya  for  helpful  discussions 
and  comments. 
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Figure  3:  Measured  and  calculated  dispersions 

(above:LER,  below:HER). 


Figure  4:  Measured  chromaticities  (above:LER,  be- 
low:HER)  in  the  case  of  (3*/{3*= 100/1  cm. 


Figure  5:  Calculated  chromaticities  of  LER  in  the  case  of 

f3*J(3;=m/l  cm. 


Figure  6:  Measurement  of  /3-function  with  trim  coils  of 
quadrupole  magnets  in  the  case  of  /3*//3*=100/2  cm.  The 
field  strength  of  each  quadrupole  was  changed  typically 
1.5%  by  the  trim  coil. 
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BEAM  DYNAMICS  SIMULATIONS  FOR  LINACS  DRIVING 
SHORT- WAVELENGTH  FELs 
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L.  Serafini,  Univ.  of  Milan  and  INFN-Milan 


Abstract 

The  fast  code  HOMDYN  has  been  recently  developed,  in 
the  framework  of  the  TTF  (TESLA  Test  Facility) 
collaboration,  in  order  to  study  the  beam  dynamics  of 
linacs  delivering  high  brightness  beams  as  those  needed 
for  short  wavelength  FEL  experiments.  These  linacs  are 
typically  driven  by  radio-frequency  photo-injectors,  where 
correlated  time  dependent  space  charge  effects  are  of  great 
relevance:  these  effects  cannot  be  studied  by  standard  beam 
optics  codes  (TRACE3D,  etc.)  and  they  have  been 
modeled  so  far  by  means  of  multi-particle  (PIC  or  quasi¬ 
static)  codes  requiring  heavy  cpu  time  and  memory 
allocations.  HOMDYN  is  able  to  describe  the  beam 
generation  at  the  photo-cathode  and  the  emittance 
compensation  process  in  the  injector  even  running  on  a 
laptop  with  very  modest  running  times  (less  than  a 
minute).  In  this  paper  we  show  how  this  capability  of  the 
code  is  exploited  so  to  model  a  whole  linac  up  to  the 
point  where  the  space  charge  dominated  regime  is  of 
relevance  (200  MeV). 


which  is  a  generalization  of  Brillouin  flow  for  an 
accelerated  beam.  In  this  case  the  beam  undergoes  cold 
plasma  oscillations,  i.e.  the  space  charge  collective  force 
is  largely  dominant  over  the  emittance  pressure,  where  the 
betatron  motion  (trajectory  cross-over)  is  almost  absent 
(laminar  flow)  and  the  frequency  of  the  plasma  oscillations 
due  to  mismatches  between  the  space  charge  force  and  the 
external  focusing  gradient  is  to  first  order  independent  on 
the  current.  It  is  such  a  frequency  independence  that  brings 
to  reversible  normalized  emittance  oscillations: 
accelerating  the  beam  through  the  invariant  envelope  just 
makes  these  oscillations  damped  like  the  square  root  of  the 
beam  energy,  bringing  the  normalized  emittance  at  the 
injector  exit  down  to  a  steady  state  minimum  when  the 
oscillations  are  properly  tuned. 

The  laminar  behavior  of  an  electron  beam  is  characterized 
by  the  laminarity  parameter 

NAM  i  r 

le.,,.W3r'V4+n2t 


1  GENERAL  CRITERIA  FOR 
OPTIMIZATION  OF  A  PHOTO-INJECTOR 

The  art  of  designing  optimized  RF  Photo-Injectors  capable 
to  deliver  high  brightness  electron  beams  has  moved  in 
the  last  decade  from  a  cut  and  try  procedure,  guided  by  rule 
of  the  thumb  guesses  and  going  through  time  consuming 
simulations,  up  to  a  fast  parameter  space  scanning  guided 
by  the  analytical  results  of  the  theoretical  model  for 
laminar  beams  [1],  achieved  by  means  of  a  fast  running 
code  based  on  a  multi-beam  multi-envelope  description  of 
the  beam  dynamics.  By  this  technique  it  is  possible  to 
study  the  time  dependent  space  charge  problem  inherent  in 
the  beam  dynamics  of  such  devices,  so  to  reach  the 
optimum  operating  point  which  corresponds  to  maximum 
beam  brightness. 

The  code  HOMDYN  [2]  is  actually  tailored  to  describe, 
within  a  multi-envelope  multi-beam  frame,  the  space 
charge  dominated  dynamics  of  laminar  beams  in  presence 
of  correlated,  or  time  dependent  space  charge  forces: 
because  it’s  not  a  multi-particle  code,  but  a  multi¬ 
envelope  one,  the  code  behaves  like  any  beam  transport 
code  like  TRACE-3D  or  TRANSPORT,  giving  rise  to 
very  fast  modeling  capability  for  photo-injectors. 

It  has  been  by  now  understood  that  the  optimization  of  a 
photo-injector  corresponds  to  accelerating  and  propagating 
the  beam  through  the  device  as  close  as  possible  to  two 
beam  equilibrium,  a  laminar  Brillouin  flow  (in  drifts)  and 
the  so-called  invariant  envelope  (in  accelerating  sections) 


which  is  defined  in  terms  of  the  beam  average  energy  y  , 
the  peak  current  I  ( /0  =17  kA)  ,  the  accelerating 

gradient  j'  =  eEacc/ me2  ,  the  Larmor  frequency  of  the 

eB 

solenoid  focusing  field  Q  =  — and  the  rms 

2m 

normalized  thermal  emittance  £n  th  .  The  beam  is  said  to 


be  laminar  whenever 

p  »  1  ,  which  occurs  from  the  photo-cathode  surface 
up  to  energies  even  in  excess  of  100  MeV  for  beams 
carrying  about  100  A  of  peak  current. 

The  time  dependence  of  the  space  charge  field  effects  is 

expressed  through  the  geometrical  factor  g(C)  ,  which  is 
a  function  of  the  longitudinal  position  in  the  electron 
bunch  (the  so-called  slice  position),  defined  as 

C  =  Z-/3ct+Zo. 

Whenever  the  geometrical  factor  g(£)  has  a  significant 


variation  along  the  bunch,  we  obtain  a  beam  perveance 
term  in  the  rms  envelope  equation,  which  is  slice- 
dependent,  therefore  we  are  in  presence  of  time  (or  slice) 
dependent  effects.  In  the  case  of  a  cylindrical  bunch  we 
have  for  instance 


8 


=  1 


2  A2 


1  +  12 


n2+8</f 
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showing  that  when  the  bunch  aspect  ratio  A  =  R/ L  is 
not  much  smaller  than  1  the  dependence  on  the  slice 
coordinate  can  be  quite  relevant. 

It  has  been  shown  that  the  rms  projected  normalized 
emittance  £n  =  p-J(x2j(x'2j  —  ( xx ')2  oscillates  with 
a  frequency  «J2  Kr  at  an  amplitude 

A  c-  [/—  2  \  / /  \2  1  - -  „  A 


Aen  oc  - ~\J\£2 ) / (&)2  ~  1  whenever  a  bunched 

beam  (i.e.  g(C)  5*  1)  is  rms  matched  into  a  focusing 
channel  of  gradient  Kr  ,  i.e.  on  a  Brillouin  flow 

equilibrium  J — (where  <7  is  the  rms 

v  2/0  r  K 

beam  spot  size,  eventually  slice  dependent).  Accelerating 

m  2  llg(C ) 

on  the  invanant  envelope  <Tjnv  (L  J  = —  -  > 

r  v3/or 

which  is  a  particular  exact  solution  of  the  rms  envelope 
equation  in  the  laminar  flow  regime,  brings  the  emittance 
to  damped  oscillations.  The  basic  point  in  the  design  of  a 
photoinjector  is  therefore  to  match  properly  the  beam  at 
injection  into  any  accelerating  section,  according  to  these 
criteria: 

o'  =  0  ,  implying  a  laminar  waist  at  injection 


,  2  1(g) 

Y  = -  -  ,  i.e.  an  rms  match  on  the  inv.  env. 

\  3  kr 


These  also  requires  that  focusing  elements  in  drifts  be 
spaced  close  to  one  quarter  of  plasma  oscillation 

,  47 vy  [2 

wavelength,  given  by  A  = -  —  . 

p  7  v  3 


2  APPLICATION  TO  THE  TTF-FEL  LINAC 

In  this  section  we  study  how  to  implement  these 
matching  criteria  into  the  actual  design  of  the  TTF  linac. 
up  to  the  end  of  the  second  cryomodule,  corresponding  to 
a  beam  energy  of  200  MeV.  A  previous  analysis  [3]  was 
devoted  to  a  general  lay-out  for  the  linac  with  complete 
degree  of  freedom  in  the  spacing  of  focusing  elements  and 
accelerating  sections  (i.e.  the  cryostats  containing  8  SC 
accelerating  cavities,  each  with  9  cells  working  at  1.3 
GHz).  In  the  following  we  will  compare  those  results  to 
the  best  one  can  do  with  the  actual  lay-out  neglecting 
compressor  magnets,  not  yet  implemented  in  to  the  code. 
The  1  nC  beam  is  generated  in  one  and  half  cells  RF-gun 
operating  at  1.3  GHz  with  40  MV/m  peak  field  on  the 
cathode,  by  a  8  ps  (sigma)  long  laser  pulse  with  1.5  mm 
radius.  The  gun  is  embedded  in  a  0. 1 1  T  split  solenoid 


field.  In  the  drifting  tube  downstream  the  gun  the  rms 
emittance  reach  a  first  minimum  (0.9  mm  mrad) 
corresponding  to  the  minimum  (<j'=0)  envelope  (ar  =  1.18 
mm)  at  z=1.2  m  from  the  cathode,  where  the  booster  is 
placed, (Fig.  1). 


Gun  +  Drift 
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Figure  1 :  Beam  envelope  and  rms  normalized  emittance  in 
the  gun  and  drift  up  to  the  booster  entrance. 

To  match  the  booster  cavity  (9  cells  1.3  GHz 
superconducting  cavity)  to  the  beam  we  use  the  previous 
criteria  to  compute  the  accelerating  field  needed.  It  results 
to  be  10  MV/m  with  1=40  A  and  y  =  10. 


Booster  +  Quads 
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Figure  2:  Beam  envelope  and  rms  normalized  emittance  in 
the  booster  and  drift  up  to  the  cryomodule  1  entrance. 


Downstream  the  booster  the  rms  emittance  reach  a  second 
minimum  (0.8  mm  mrad)  in  the  drift  and  at  the  booster 
exit  (z=2.4  m)  the  beam  envelope  (cr  =  0.35  mm)  is  still 
parallel  to  the  z-axis  with  y  =  35.  In  the  ideal  case,  as 
discussed  in  [3],  the  envelope  should  be  allowed  to 
perform  small  oscillations  around  the  equilibrium  value 
reached  in  the  booster  and  smoothly  transported  to  match 
the  condition  cr'= 0  at  the  entrance  of  the  first  cryo-module. 
The  situation  is  here  complicated  by  the  technical 
constrains  of  the  drift  section,  foreseen  to  house  focusing 
elements  (one  quadrupole  doublet  and  two  triplets), 
diagnostic  stations  and  a  chicane  compressor.  In  addition 
by  using  quadrupoles  as  focusing  elements  the  envelope 
and  the  emittance  oscillations  are  split  in  the  x  and  y 
planes,  resulting  in  a  difficult  task  to  match  both  planes 
to  the  cryo-module. 
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Cryol  +  Drift 
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Figure  3:  Beam  envelope  and  rms  normalized  emittance  in 
cryomodule  1  and  drift  up  to  the  cryomodule  2  entrance. 

The  best  solution  we  found  results  to  be  the  less 
perturbing  to  the  cylindrical  symmetry  of  the  beam  (Fig. 
2).  We  allowed  indeed  the  envelope  to  diverge  up  to  cr  = 
1.75  mm  with  low  quadruoles  gradients  so  that  to  keep 
the  emittance  oscillation  in  phase  in  both  planes  up  to  the 
entrance  of  the  first  cryomodule  (z=11.7  m).  The  beam  is 
there  boosted  with  11  MV/m  accelerating  field,  a  low 
gradient  is  chosen  to  avoid  over  focussing  in  the 
accelerating  section.  Emittance  oscillations  are  damped 
during  acceleration  around  2  mm  mrad  (Fig.  3). 

With  the  same  care  the  beam  is  transported  to  the  second 
cryomodule  through  a  quadrupole  focusing  channel  and 
boosted  up  to  200  MeV  in  the  second  cryomodule  (Fig. 
4). 


Cryo2  +  Drift 
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Figure  4:  Beam  envelope  and  rms  normalized  emittance  in 
cryomodule  2  and  drift. 

4  CONCLUSIONS 

By  joining  the  analytical  predictions  and  optimizing 
criteria  produced  by  the  theory  of  intense  relativistic 
laminar  beams  with  the  powerful  capability  of  the  new 
code  HOMDYN  to  model  a  full  photoinjector  up  to  full 
scale  energy  (200  MeV)  in  very  short  cpu  times  (minutes 
on  a  laptop),  the  optimization  of  a  new  design  or  the 
search  for  the  optimum  operating  point  of  a  present  lay¬ 
out  can  be  accomplished  quickly  and  easily.  We  believe 
that  the  general  design  of  future  injectors  will  benefit  from 
such  a  new  user-friend  procedure. 
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Abstract 

Ray-tracing  codes  determine  self-consistent  electric 
fields  in  high-current  electron  devices  by  an  iterative 
procedure  of  orbit  tracking  and  space-charge  deposition 
with  field  recalculation.  Methods  to  find  beam-generated 
magnetic  fields  for  relativistic  beams  are  less 
standardized.  Existing  approaches  (like  ray  counting  or 
the  relativistic  transverse  force  approximation)  have 
limited  accuracy  and  do  not  include  effects  of  current 
flow  in  source  and  collector  electrodes.  We  describe  a 
new  method  for  two-dimensional  finite-element  codes 
where  the  beam  current  is  deposited  on  the  faces  of  the 
conformal  elements  of  the  electrostatic  mesh.  The 
resulting  balanced  calculations  of  electric  and  magnetic 
forces  are  resistant  to  numerical  filamentation 
instabilities.  With  simple  rules  it  is  possible  to  assign 
boundary  currents  even  in  complex  structures. 

1  CURRENT  ASSIGNMENT  TO 
ELEMENT  FACES 

Figure  1  shows  the  conformal  mesh  used  in  the  ETrak 
code  to  represent  a  high-current  electron  gun.  The 
solution  volume  is  divided  into  a  number  of  small 
volumes  (or  elements)  with  triangular  cross-section.  In 
low-energy  devices,  the  beam  behavior  is  dominated  by 
electric  fields.  In  this  case,  the  following  procedure  is 
used  to  find  particle  orbits  consistent  with  applied  and 
space-charge  electric  fields  [1]. 

•  Start  with  a  vacuum  solution  for  electrostatic 
potential  at  vertices. 

•  Initiate  several  model  electrons  near  an  emission 
surface,  each  carrying  a  portion  of  the  beam 
current  I..  The  model  particles  can  be  specified  or 
determined  by  the  code  from  a  local  application  of 
the  Child  law. 

•  Integrate  the  orbit  of  each  particle  using  a  time 
step  At,  depositing  charge  I4At  in  each  element  that 
the  particle  crosses. 
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•  Recalculate  the  fields  including  the  electron  space 
charge. 

•  Repeat  the  orbit  and  field  calculations  until  the 
solution  converges. 

Some  ray-tracing  codes  use  finite-difference  methods  on 
a  regular  mesh  [2,3,4]  and  others  employ  finite-element 
methods  [5,6].  The  advantage  of  the  finite-element 
approach  with  conformal  mesh  is  apparent  is  Fig.  1. 
Accurate  field  calculations  are  possible  on  curved 
surfaces  and  every  part  of  the  solution  volume  has  a 
unique  material  identity.  In  ETrak  elements  are  divided 
into  regions  that  share  common  characteristics.  For 
example  the  tan  elements  in  Fig.  1  are  part  of  the 
cathode  electrode,  grey  elements  comprise  the  anode, 
and  white  elements  represent  vacuum.  For  particle 
tracking  element  properties  are  divided  into  three  types: 
vacuum,  material  and  secondary  material.  Electrons 
propagate  through  vacuum  materials  and  stop  when  they 
enter  a  material  element.  Secondary  elements  are 
discussed  in  Ref.  [7]. 


Figure  1 :  Schematic  view  of  a  conformal  mesh  for  a  ray¬ 
tracing  solution.  The  colored  elements  represent  material 
regions.  The  red  line  is  a  model  electron  trajectory.  The 
marked  segments  represent  the  particle  orbit  vector  over 
a  single  time  step  for  short  and  long  values  of  At. 
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Next  consider  assignment  of  electron  current  on  the 
conformal  mesh  to  calculate  beam-generated  magnetic 
fields.  To  satisfy  current  conservation,  the  current  must 
be  associated  with  element  faces  rather  than  volumes. 
Electrostatic  field  interpolations  during  tracking  already 
provide  information  on  the  elements  occupied  by 
electrons  at  times  t  and  t+At.  Figure  1  shows  two 
incremental  orbit  vectors  for  short  and  long  values  of  At. 
In  the  first  case,  the  electron  crosses  to  an  adjacent 
element.  Here  the  current  +L  is  assigned  to  the  common 
face  if  the  particle  moves  in  the  positive  z-direction, 
while  the  value  is  assigned  if  the  particle  moves 
backward.  When  ETrak  detects  that  an  electron  has 
crossed  several  elements  in  a  step,  the  code  makes  a 
local  search  of  faces  near  the  average  position  and 
assigns  if  to  any  that  intersect  the  increment  particle 
vector.  Face  current  is  always  assigned  before 
terminating  an  electron  orbit  that  enters  a  material 
element.  This  convention  ensures  correct  current 
assignment  to  collector  surfaces.  After  tracking  all  model 
electrons  the  process  yields  a  complete  set  of  face 
currents  that  satisfy  the  condition  that  the  divergence  of  j 
is  zero. 

2  ENCLOSED  CURRENT  AND 
TOROIDAL  MAGNETIC  FIELD 

After  all  orbits  are  tracked,  the  face  current  information 
is  used  to  find  values  of  enclosed  current  and  Be,  both 
vertex  quantities.  The  enclosed  current  is  the  total  beam 
current  that  passes  between  the  point  and  the  axis.  It  is 
relatively  easy  to  find  enclosed  current  in  the  structured 
mesh  of  ETrak.  Following  Fig.  1,  vertices  are  labeled  in 
the  horizontal  direction  (z)  with  the  index  k  and  in  the 
vertical  direction  (r)  with  index  l.  The  procedure  for 
standard  vacuum  points  is  first  to  set  the  enclosed  current 
equal  to  zero  along  the  row  1=1.  Next  the  code  works 
outward  toward  increasing  /,  processing  all  vertices  in  a 
logical  row.  ETrak  uses  a  mesh  where  all  standard 
vertices  are  surrounded  by  six  elements  and  connected  to 
six  vertices  along  six  faces.  Figure  2  shows  the  face 
and  vertex  numbering  conventions  around  Vertex  0. 
Faces  4  and  5  connect  to  vertices  with  smaller  values  of 
l,  3  and  6  to  vertices  on  the  same  tow,  and  1  and  2  to 
higher  /. 

At  each  point,  the  code  checks  connections  to  points  4 
and  5  on  row  l-l.  These  points  should  already  have 
values  of  enclosed  current,  I4  and  I5.  The  enclosed  current 
at  the  point  is  given  by 

AZ4  =  ZO  —  Z 4,  Az5  =  Z5  —  z o, 

j  _  hAzs  +  /5AZ4 

AZ4  +  AZ5 

.  7  AI4AZS  +  A/5AZ4 

A I  = - , 

Az4+Azs 

/o  =  7+a7. 


Figure  :  Relative  face  and  vertex  numbers  at  Point  0. 

The  equation  involves  vertex  coordinates  z4,  z5  and  z0  and 
connecting  face  currents  AI4  and  AI5.  Weighting  in  the 
formula  gives  preference  to  current  on  vertical  faces. 

Field  averaging  between  iteration  cycles  is  essential 
for  the  stability  of  the  ray-tracing  technique.  Consider, 
for  example,  space-charge  assignment  for  Child  law 
emission.  On  one  cycle,  a  strong  electric  field  near  the 
cathode  would  lead  to  large  particle  currents.  The  high 
space  charge  would  suppress  the  local  field  on  the  next 
cycle.  The  solution  is  to  average  the  newly-calculated 
space-charge  with  values  from  previous  cycles.  In  ETrak 
the  same  averaging  algorithm  is  used  for  beam-generated 
magnetic  field  to  preserve  the  balance  of  forces. 

Be(new)  =  g^-  +  (1  ~  g)Be(old). 

2ztr 

In  the  equation,  the  quantity  £  is  a  number  less  than 
unity. 

3.  BOUNDARY  CONDITIONS 

For  valid  interpolations  of  Be  over  the  solution  volume, 
material  vertices  adjacent  to  vacuum  must  have  correct 
values  of  enclosed  current.  There  are  two  classes  of 
boundary  vertices: 

•  Emission  points.  These  should  include  the  current 
of  the  emitted  beam  even  though  the  electrons  do 
not  cross  the  associated  faces. 

•  Collector  vertices.  Particles  pass  through  some  of 
the  connected  faces  when  stopping  in  a  material. 
The  enclosed  current  must  reflect  the  incident  beam 
current  over  all  enclosed  faces. 

Regarding  the  emission  surface,  the  challenge  is  to 
define  a  method  that  works  for  all  cathode  shapes  and 
arbitrary  distributions  of  electrons.  In  ETrak  an  emission 
surface  is  a  special  set  of  vertices  marked  as  a  line  region 
during  mesh  generation.  The  program  analyzes  the  mesh, 
making  a  list  of  all  faces  on  the  emission  surface  and 
confirming  that  they  are  adjacent  to  vacuum.  The  set  of 
nearby  initial  electrons  is  either  specified  by  the  user  or 
generated  by  the  code  using  a  space-charge  algorithm.  In 
either  case  the  code  processes  the  list  of  electrons, 
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associating  each  particle  with  the  closest  emission  face. 
The  present  particle  currents  are  assigned  to  the  faces  at 
the  beginning  of  each  iteration  cycle.  To  account  for 
concave  spherical  cathodes  and  other  reentrant 
structures,  the  assigned  current  is  always  positive, 
regardless  of  the  emission  direction. 

The  next  task  is  to  assign  face  currents  to  general 
material  boundaries.  For  the  enclosed  current  calculation 
all  material  regions  are  treated  as  perfect  conductors. 
The  following  procedure  is  used  to  process  boundary 
vertices. 

•  Make  a  list  of  all  vertices  adjacent  to  material 
regions  and  connected  to  at  least  one  vacuum 
element. 

•  Track  electron  orbits  and  assign  face  currents. 

•  Carry  out  the  enclosed  current  calculation  described 
in  the  previous  section.  Handle  boundary  points  the 
same  as  standard  points  if  they  have  one  or  more 
downward  connections. 

•  If  a  boundary  point  has  no  downward  connection  to 
a  processed  vertex,  use  the  following  rule.  Check 
Points  3  and  6.  If  one  of  the  points  has  been 
processed,  the  enclosed  current  at  Point  0  equals  the 
enclosed  current  of  the  neighbor  plus  the  face 
current  of  Side  6  or  3. 

•  If  there  are  no  sideways  connections,  check  upward 
connections  to  Vertices  1  and  2.  In  this  case,  the 
enclosed  current  equals  the  enclosed  current  of  the 
upper  point  minus  the  face  current  of  Side  1  or  2. 

In  most  situations,  the  rule  propagates  the  enclosed 
current  over  the  boundary  correctly,  even  for  highly 
reentrant  collector  structures. 


constant  Be.  Here  the  transverse  forces  are  created  solely 
by  the  beam.  The  electric  and  magnetic  forces  balance  to 
within  1/y2  =  0.114.  In  the  absence  of  the  downstream 
collector  the  code  predicts  an  envelope  expansion  over 
the  50  cm  solution  length  within  0.3  per  cent  of  the 
analytic  prediction  [9].  Figure  3  shows  a  solution  with 
the  addition  of  a  grounded  collector  with  spherical  tip 
(note  that  there  is  a  5X  vertical  exaggeration  in  the  plot). 
The  entrance  surface  is  defined  as  an  emission  plane  and 
is  treated  as  a  Neumann  boundary  for  the  electric  field 
calculation.  The  parallel  magnetic  field  contours  show 
the  effectiveness  of  the  emission  surface  current 
assignment.  The  beam  follows  the  free  expansion  curve 
until  it  reaches  the  vicinity  of  the  collector.  The  rod 
partially  cancels  the  beam  electric  field  allowing  the 
magnetic  forces  to  predominate.  In  this  way,  the  small- 
diameter  rod  collects  the  full  beam  current.  Note  that  this 
effect  depends  critically  on  the  correct  spatial  variation 
of  enclosed  current  over  the  outer  surface  of  the 
collector.  The  parallel  magnetic  contours  outside  the 
beam  confirm  that  the  method  conserves  current. 
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4  BENCHMARK  CALCULATIONS 

ETrak  was  applied  to  a  variety  of  high-voltage  gun 
designs  previous  treated  with  Trak  4.0[8].  The  code 
showed  good  agreement  and  smooth  beam  distributions 
without  use  of  the  relativistic  force  approximation.  The 
solution  of  Figure  3  demonstrates  the  accuracy  of  the 
technique.  The  test  addresses  free  expansion  of  a 
uniform  current-density,  1  MeV,  617.4  A  electron  beam 
with  an  initial  radius  of  1.0  cm.  The  plot  shows 
computed  orbits  of  20  model  electrons  and  contours  of 
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Figure  3:  Relativistic  beam  impinging  on  a  grounded 
collector.  Dimensions  in  cm. 
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Abstract 

A  tracking  algorithm  for  the  description  of  electron  beams 
using  grid-based  space  charge  fields  is  compared  to  a 
method  based  on  point-to-point  calculations.  The  charged 
particles’  equations  of  motion  are  solved  with  a  fifth-order 
embedded  Runge-Kutta  method  using  the  concept  of 
macroparticles.  The  space  charge  forces  are  determined  in 
the  bunch’s  restframe  with  a  multigrid-method  [1]. 

1  INTRODUCTION 

In  cases  of  space  charge  fields  being  approximately 
piecewise  constant,  the  space  charge  fields  can  be 
determined  in  the  beam’s  rest  frame.  Using  a  grid-based 
method  for  calculating  the  electrostatic  potential  (p‘ '  within 
the  beam  has  advantages  with  respect  to  particle  statistics. 
The  electric  field  of  a  relativistic  electron  with  velocity  v 
in  the  laboratory  system  is  focused  in  transverse  direction. 
The  space  angle  enclosing  a  certain  share  of  the  electron’s 
electric  flux  (field  cone)  thus  has  a  decreasing  transverse 
opening  angle  if  the  particle’s  energy  increases.  The 
transversal  dominated  space  charge  fields  of  a  10  MeV 
electron  beam  demonstrate  the  asymmetry  due  to 
relativistics  (see  Fig.  1). 
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Figure  1:  Electric  space  charge  fields  of  a  cylindrical 
Gaussian  electron  beam,  10  MeW,  calculated  with  MAFIA 
TS2  code. 

Calculating  space  charge  forces  by  summation  over  all 
point-to-point  interactions  one  has  to  use  enough  particles 
in  order  to  keep  the  statistical  fluctuation  of  the  number  of 
adjacent  particles  lying  within  a  particle’s  field  cone 
small.  That  is  to  say,  the  granularity  of  the  charge  density 
represented  by  the  macroparticles  has  to  be,  depending  on 
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energy,  sufficiently  fine-grained  in  order  to  model  the 
physical  interaction  properly. 

A  grid-based  algorithm  for  field  calculation  determines 
the  space  charge  fields  from  a  charge  density  free  from 
granularity,  typically  modeled  linearly  between  the  grid 
points.  The  number  of  particles  N  required  for 
approximating  the  charge  density  appropriately  is 
therefore  independent  of  energy.  In  addition,  assuming  the 
minimum  number  of  particles  per  grid-cell  being  fixed, 
the  computation  time  for  determining  the  fields  in  a  grid- 
based  algorithm  is  linear  in  N  when  using  a  multigrid- 
method.  The  number  of  operations  in  point-to-point 
calculations  however  is  of  O  (N2) . 

2  GRID  BASED  METHOD 

An  objectoriented  3D  tracking  program  Q  has  been 
developed  [2]  realizing  a  grid-based  tracking  algorithm. 

The  finite  difference  Poisson  solver  developed  for  the 
tracking  code  Q  uses  a  geometrical  Full-Multigrid-method 
[3].  This  algorithm’s  linear  dependency  of  the  number  of 
operations  on  the  number  of  gridpoints  is  shown  in  Fig.  2. 
After  the  conversion  of  the  charge-density  onto  a  coarsest 
grid,  Poisson’s  Equation  is  solved  directly.  The  solution  is 
succesively  interpolated  onto  the  next,  by  a  factor  of  two 
finer  grid,  on  which  high  frequency  errors  are  smoothed 
by  several  relaxation  steps  using  a  classical  iteration 
scheme.  Low  frequency  errors  are  smoothed  by  multigrid- 
cycles  of  V  type.  The  electric  field  at  the  distinct  particle 
positions  is  determined  by  linear  interpolation  and 
transformed  into  the  lab  frame  (see  Fig.  3). 


Figure  2:  CPU-time  for  solving  Poisson’s  Equation  with  a 
Full-MG  solver  showing  a  linear  growth. 
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Figure  3:  Lorentz-transformation  of  the  electric  field. 


3  POINT-TO-POINT  METHOD 


The  simulations  with  a  code  using  a  point-to-point  method 
to  calculate  the  space  charge  fields  were  performed  with 
the  General  Particle  Tracer  (GPT)  [4],  a  well 
established  3D  tracking  code.  As  tracking  code  Q  it  uses  a 
fifth-order  embedded  Runge-Kutta  method  with  adaptive 
stepsize  control  to  integrate  the  particles’  equations  of 
motion. 

The  space  charge  induced  fields  at  the  position  of 
particle  i  are  the  summation  of  the  fields  generated  by  the 
particles  j  *  i .  In  the  rest  frame  of  macroparticle  j  this 
particle  generates  an  electric  field 

w  _ 

/->i  i-'p 

4«oM 

which  acts  on  particle  i,  r’f  is  the  distance  measured  in  the 
rest  frame.  Transforming  back  to  the  lab  frame  yields  the 
electromagnetic  fields.  To  avoid  unrealisticly  strong 
defocussing  effects  if  two  macroparticles  are  moving 
close  together,  the  macroparticles  act  as  clouds  with 
radius  R  instead  of  pointlike  charges.  Overlapping  of  two 
homogeneous  particle  clouds  results  in  a  reduced  electric 
field: 


E’  ~  ^ 

y_>'  4 7C£nR3 


if  r  <  R 


The  results  of  the  simulation  strongly  depend  on  the 
number  of  macroparticles  N  per  bunch.  By  increasing  N 
the  effect  of  granularity,  which  induces  an  overestimation 
of  the  space  charge  effects,  is  reduced. 

For  a  given  number  of  macroparticles  the  radius  of  the 
particle  clouds  takes  an  effect  on  the  results.  An  oversized 
radius  reduces  the  space  charge  fields.  By  reducing  the 
radius  the  behaviour  of  the  bunch  like  the  emittance  and 
the  transverse  standard  deviation  converges. 


4  COMPARISON  CALCULATIONS 

In  the  model  problem  a  uniformly  charged  cylindrical 
beam  with  a  total  charge  of  1  nC,  a  transverse  standard 
deviation  of  cx  =  0.5  mm  and  zero  emittance  drifts  at  an 
energy  of  10  MeV  over  a  length  of  1.5  m.  These  beam 
parameters  are  comparable  to  those  being  discussed  to 


arise  in  the  capture  cavity  of  the  Tesla  Test  Facility,  there 
with  a  normalized  emittance  of  1  mm  mrad  . 


x  (mm) 


Figure  4:  Phase  space  distribution  after  1.0  m  drift 
calculated  with  Q.  The  deviation  from  a  line  shape  is  due 
to  nonlinear  transverse  effects  at  the  head  and  the  tail  of 
the  bunch,  as  can  be  seen  in  the  3D  plot  with  z  (direction 
of  drift)  as  the  second  abscissa. 


x  (mm) 

Figure  5:  Phase  space  distribution  after  1.0  m  drift 
calculated  with  GPT. 


There  is  a  good  agreement  in  the  results  of  the  spacial 
standard  deviation  between  the  two  models  (see  Fig.  6).  In 
the  point-to-point  method  the  description  of  the  emittance 
as  the  most  significant  statistical  quantity  is  rather  strong 
dependent  on  the  number  of  macroparticles.  The  low 
dependency  of  the  emittance  determined  with  the 
gridbased  method  is  due  to  the  fact,  that  the  charge 
density  used  for  calculating  the  electric  field  is  free  from 
granularity. 

This  independency  of  the  determined  space  charge 
forces  on  statistics  gives  rise  to  the  description  of 
nonlinear  effects  away  from  the  beam’s  longitudinal 
center  and  a  conservation  of  phase  space  volume  at -fixed 
z  (see  Fig.  4). 
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The  deviation  in  the  phase  space  plot  calculated  with 
GPT  (see  Fig.  5)  is  significant.  In  the  center  of  a 
symmetric  relativistic  beam  the  determined  phase  space 
volume  is  not  conserved  due  to  a  high  statistical  relative 
error  in  the  relativistic  electromagnetic  fields  determined 
from  point-to-point  calculations. 
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Figure  6:  xnris  and  transverse  emittance  along  driftspace. 

4.1  Particle-in-Cell  Method  and  analytical 
linear  Model 

In  a  Particle-in-Cell  scheme  (eg.  the  21/2-dimensional 
MAFIA  TS2  code  [5])  the  coupled  problem  of  Maxwell’s 
Equations  and  the  equations  of  motion  are  solved 
consistently.  As  can  be  seen  from  calculations  with  a 
Gaussian  beam  ( az  =  0.8  mm  ),  presented  in  Fig.  7,  the 
methods  lead  to  comparable  results  on  the  first  0.5  m.  The 
deviation  arising  in  the  TS2  result  is  understandable  due 


Figure  7:  crx  of  a  Gaussian  beam  (crz  =0.8  mm  at  10 
AfeV)  along  driftspace. 


to  numerical  noise  in  the  field  calculation,  which  would 
be  compensatable  by  an  increase  in  the  number  of 
particles  only. 

The  high  number  of  time  steps,  which  are  necessary  to 
dissolve  the  beam’s  charge-density  spacially  (Courant 
Levy  Condition),  is  countered  by  the  fact,  that  the 
problem  of  field  calculation  is  restricted  to  a  matrix-vector 
multiplication  [5].  The  main  computation  time  in  an 
electrostatic  code  on  the  other  hand  is  needed  for  solving 
Poisson’s  Equation.  It’s  stability  in  time  depends  mainly 
on  the  trajectories’  integration  algorithm.  Computation 
time  thus  depends  on  the  interval,  within  which  the 
assumption  of  a  piecewise  constant  space  charge  field 
holds  and  can  remain  practible  for  long  distance 
calculations  in  such  cases. 

Alternatively  to  particle  methods  the  calculation  with  an 
analytical  model  for  a  self-consistent  description  of  a 
beam  in  an  accelerator  [6],  which  takes  into  account  linear 
forces  and  is  suited  for  rapid  estimations  of  the  significant 
beam  parameters,  leads  to  a  comparable  result. 

5  CONCLUSIONS 

We  find  agreement  between  calculations  with  the  tracking 
algorithm  using  grid-based  space  charge  fields  Q,  the 
point-to-point  method  GPT  and  TS2  concerning  the 
spatial  distribution.  The  description  in  phase  space 
however  leads  to  different  results.  One  explanation 
favoured  by  the  authors  is,  that  in  a  point-to-point  method 
the  granularity  of  the  charge  density  modeled  by  the 
macroparticles  limits  the  achievable  accuracy  of  the  space 
charge  forces  determined  in  a  relativistic  beam.  This  leads 
to  a  lower  estimation  of  nonlinear  effects  away  from  the 
transversal  center  of  a  space  charge  dominated  electron 
beam  and  to  a  stronger  statistical  error  in  regions  of  linear 
space  charge  forces.  The  statistical  limits  of  a  Particle-in- 
Cell  code  such  as  MAFIA  TS2  due  to  numerical  noise  in 
the  field  calculation  were  shown. 
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Abstract 
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2  SELF-CONSISTENT  BEAM  MODEL 


It  is  proposed  to  use  the  ’’Ensembles”  of  particles  for 
modeling  the  beams  in  accelerators.  Each  ensemble  de¬ 
scribes  the  longitudinal  and  transverse  dynamics  of  the 
nonmonochromatic  bunch  in  the  six  dimensional  phase 
space,  taking  into  account  all  coupling  effects,  coming 
from  the  relativistic  relation  between  variation  of  the  veloc¬ 
ity  projection  and  energy  spread.  Ensemble  parameters  in¬ 
clude  average  values  of  coordinate  and  momentum,  bunch 
dimensions,  noncorrelated  momentum  spread  and  all  sec¬ 
ond  order  correlation  parameters.  Self-  consistent  equa¬ 
tions  for  the  Ensemble  are  derived  from  the  Vlasov  equa¬ 
tion.  The  presentation  by  vector  and  matrix  gives  the  pos¬ 
sibility  to  define  an  implicit  algorithm  for  computer  sim¬ 
ulations.  Examples  of  application  of  this  model  for  the 
calculation  of  the  beam  dynamics  in  the  accelerators  are 
presented. 


1  INTRODUCTION 


In  the  beam  dynamics  calculations  the  beam  is  usually  de¬ 
scribed  by  a  set  of ’’macro”  particles.  ’’Macro”  particle  is  an 
ensemble  of  particles  for  the  bunch  field  calculation.  How¬ 
ever  for  the  trajectory  calculation,  a  ’’macro”  particle  be¬ 
comes  a  single  particle.  The  motion  of  the  particles  inside 
’’macro”  particle  is  not  considered.  Therefore,  the  simula¬ 
tion  of  the  beams  with  small  emittance  needs  a  relatively 
large  number  of  ’macro”  particles. 

There  is  another  possibility  to  describe  the  beam  by  the 
phase  distribution  function  /("f*,  "j?)  of  particle  density  in 
the  phase  space  of  coordinates  and  momenta.  Phase  distri¬ 
bution  function  /  satisfies  the  Vlasov  equation 

d  Qf  _ ►  W  _ ^ 

-17 f  =  -57  +  9ra-dr{f)  •  —  C  +  gradp(f)  •  —  =0 
at  at  7  me 


where  normalized  momentum  ( /?)  and  energy  (7)  are  used 


me 


y/l  + 


and  ~P  is  the  force,  acting  on  the  particles 
The  direct  numerical  solution  of  the  Vlasov  equation  in 
a  6  dimensional  space  needs  a  great  amount  of  the  com¬ 
puter  memory.  If  we  take  only  50  mesh  points  for  each 
direction,  then  the  total  number  of  mesh  points  will  be 
506  =  1.56  1010,  that  is  equal  to  the  real  number  of  parti¬ 
cles  in  the  bunch. 


However,  the  Vlasov  equation  can  be  numerically  solved 
’’much  easily”  for  the  linear  forces.  In  this  case  the  distri¬ 
bution  function  is  described  by  a  small  number  of  param¬ 
eters,  only  by  the  first  and  second  order  moments.  Let  us 
define  such  a  bunch  as  an  ’’Ensemble”.  If  we  have  the  full 
description  of  the  dynamics  of  an  Ensemble,  then  by  a  set 
of  Ensembles  we  can  describe  the  dynamics  of  any  beam 
and  all  kinds  of  forces.  Nevertheless,  even  one  Ensemble 
can  give  a  lot  of  information  about  beam  dynamics  in  accel¬ 
erator.  Opposite  to  the  usual  model  [1],  [2],  [3]  for  the  sec¬ 
ond  order  moments,  the  model  of  Ensembles  [4]  includes 
longitudinal  motion  of  the  particles,  and  all  corresponding 
correlations  with  transverse  motion. 


2.1  Presentation  by  Vectors  and  Matrices 

The  average  coordinate  and  momentum  of  the  Ensemble 
are  described  by  vectors  X  and  P.  The  second  order  mo¬ 
ments 

M€„  =  (£1/)  =  J  f(t,  T>,  ^)(£  -  <0)(*'  -  {»))dl>d? 

are  grouped  in  matrices  {S},{L}  and  {T} 


£>ik  —  MXiXk  Lik  —  MXipk  Tik  —  Mptpk  i,  k  —  x,y,  z 


The  determinant  of  the  matrix  {M} 

V2  -  det{Mj  =  det  (J  J 

is  the  square  of  the  6  dimensional  normalized  emittance 
of  the  Ensemble.  In  the  case  of  the  uncoupling  motions  the 
full  emittance  is  the  multiplication  of  emittance  projections 

e*  =  \J Vv2<fp2  -  WPv)2  =  yj Mvl/MVvPw  -  MZp</ 

However,  if  the  correlated  moments  appear,  then  the  emit¬ 
tance  projections  are  changed  in  order  to  keep  the  full  emit¬ 
tance  constant.  For  example,  the  full  emittance  is  the  dif¬ 
ference  of  the  positive  values 


V2 


2/2  2 
ey(€x£z 


when  the  moment  MxPz  is  excited. 


2.2  Time  Equations 

Time  equations  for  the  Ensemble  parameters  can  be  derived 
from  the  Vlasov  equation  under  two  assumptions: 

1)  If  the  applied  forces  satisfy  the  condition 
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for  any  Ensemble  parameter  p,  then  the  full  emittance  is 
invariant. 

2)  The  energy  deviation  in  the  beam  is  not  very  large  and 
the  energy  can  be  presented  in  the  following  expanded  way 

1  -  —  £J(Pn)(P«  -  (Pn))+ 

+  s((Pn  -  (Pn))2  -  MPnPn)\ 
where  7 m  is  the  average  beam  energy 


Im 


7m  =  1  +  Y.liPn)2  +MPr 


Pn  J 


In  this  presentation 'the  average  velocity  V  contains  addi¬ 
tionally  the  momentum  correlations 


/Pn  \ 
=  (-) 


(Pn) 

Tm 


1  £<»>". 


PnPfc 


Under  these  conditions  the  Vlasov  equation  gives  the  for¬ 
mula  for  average  value 

d  ,  ,  , - 7+  ~P 


;{p)  =  ( gradrn  •  — )  +  ( gradp/j,  < 


>) 


cdt "  '  ’  7 '  ‘ '  me* 

With  this  formula  we  present  the  time  equations  for  mo¬ 
ments  in  vector  and  matrix  form: 

Ap  =  f 

cdt 

d  -  1  1  - 

^X  =  ^<E-*T}0P 
A{S}  =  {V}®{L  +  L'} 


d_ 

cdt 


{L}  —  {V  ®  T  +  Fx  ®  S  4-  Fp  ®  L} 
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Vik  —  ($ik  vi  vk ) 
7m 


Vk  =- 


,Pk_ 

7m 


Sik  =  1,  if  i  =  A;  and  Sik  =  0,  if  i  ^  k 
Vector  F  is  the  normalized  average  force 

F=iF(*,P) 


me* 


Matrices  {Fx}  and  {Fp}  are  coordinate  and  momentum 
derivatives  of  the  force 


Fik  = 
x  me 2  dxk 


Fl  \x,P  Kk  = 


d 


me2  dpk 


I  x,p 


3.2  Emittance  Equation 

We  can  also  estimate  the  modification  of  the  full  emit¬ 
tance  for  the  case,  when  the  first  assumption  is  not  fulfilled. 
When  we  have  only  longitudinal  force  and  transverse  aver¬ 
age  momenta  are  zero,  the  model  gives  the  following  equa¬ 
tion  for  longitudinal  emittance 


d_ 

cdt 


el  =  2Mzz((Pz-(p2))-^)-2MzpA(z-(x))-^) 


me * 


me * 


When  the  force  is  Fz  =  amc2pz  (proportional  to  the  mo¬ 
mentum)  the  equation  takes  the  form 
d 


cdt 


e2  -  2ae2  =  0 


From  this  equation  we  get  the  exponential  growth  or  damp¬ 
ing  of  the  emittance  in  time.  The  module  of  1  /a  determines 
the  effective  time  and  the  sign  of  a  gives  the  type  of  the 
force:  generator  (a  >  0)  or  friction  (a  <  0).  We  note,  that 
at  the  same  time  the  transverse  emittances  are  invariant 
d_ 

cdt"x 


—e2  =  0  -^-e2  =  0 


cdt  v 

3.3  Bunch  Compression  in  Free  Space 

Here  we  check  the  modification  of  the  relativistic  bunch  in 
free  space,  when  it  has  negative  initial  correlated  momen¬ 
tum  spread  M°Px,  or  M°Py,  or  M°Pz  If  (pz)  >  (px),  then 

Mxx  =  M°xx  +  2^M°xpx  +  {~?MlPx 


—  {Fx  ®  L  +  Fp  ®  T}  +  {Fx  ®  L  4-  Fp  ®  T}* 

Matrix  {V}  is  the  symmetric  matrix  of  combinations  of 
velocity  pairs  (vt  and  17) 


/-V  '  -V 

im  im 

M„  =  <  +2 

im  im 

The  minimum  size  of  the  bunch  is  determined  by  the  emit¬ 
tance  and  uncorrelated  momentum  spread 


minUj 2)  =  M°  -  =  e* . 

min\ux)  mxx  Q 

PxPx  P*P* 


r2 


4  APPLICATION  OF  THE  MODEL 

The  derived  equations  for  the  Ensemble  parameters  are 
nonlinear.  So  the  numerical  calculations  need  implicit  al¬ 
gorithm.  Nevertheless  there  are  some  analytical  solutions 
for  simple  cases.  We  present  examples  of  analytical  and 
numerical  solutions. 


3  PROPERTIES  OF  THE  ENSEMBLE 

3.1  Fundamental  Conservation  Laws 

We  can  check  the  model  for  realization  of  the  dynamic  laws 
for  average  values.  It  is  easy  to  show,  that  from  the  pre¬ 
sented  above  equations  one  obtains: 

d  9  ^  2  F  \ 

^<T>  =  —ilm^2(p  m-s) 


cdt 


me* 


9  TH  9  /->  -n  /->  F 
—M  =  —{rxp)  =  {rX  — 


> 


So,  the  model  fulfills  the  fundamental  conservation  laws 
for  average  momentum,  energy  and  angular  momentum. 


4. 1  The  Ensemble  in  an  Accelerating  Structure 

Let  the  center  of  the  bunch  move  with  the  speed  equal  to  the 
phase  velocity  of  the  accelerating  wave,  having  the  phase 
displacement  <po-  Accelerating  force  is  approximated  by 
the  linear  part  =  e  +  5E(z  —  z) 


g  g  27 r 

e  =  — x  Eacc  cos  (f0  SE  =  — ^Eacc  —  sin  ip0 
me*  me*  A 

The  model  gives  the  following  equations  for  Mzz  and  M; 


ZPz 


9  2 
cdtMzz  ~  7^  ^ 
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From  these  equations  we  can  estimate  the  frequency  of  the 
phase  oscillations  zj,  when  sin  <po  >  0 


vj/c  = 


T - 5 - 9  S111 

A  7 amcz 


We’ve  got  exactly  the  M.Kapchinskiy  formula  [1]. 


4.2  Space  Charge  Effect 


We  use  the  estimation  for  the  space  charge  force,  derived 
out  for  the  relativistic  bunch  of  ellipse  form,  in  the  approx¬ 
imation  of  the  homogenous  charge  density  [4] 

'4  =  (^)>v® Ts> 

The  force  is  linear  with  the  distance  R  and  inversely  pro¬ 
portional  to  the  effective  geometrical  volume  Vg.  N  is  the 
number  of  particles  in  the  bunch,  ro  is  the  radius  of  the 
electron  ro  =  e2/mc2. 

Our  model  gives  the  following  equations  for  the  trans¬ 
verse  beam  size  crx  =  \JMXX  and  correlated  momentum 
spread  aPx  =  y/MPiX 


1xpx 


9  2 
~  MXx  —  Mx 
cot  7m 

9 2  Jjf  4ae  n 

c2dt2MxP* 


The  effective  distance  L^f,  where  the  transverse  beam 
size  increases  more  than  twice  is _ 

T  _L  ffu.  nm5V5crxay<Tz 

V  ^ 


One  can  find  that  this  estimation  is  in  very  good  agreement 
with  the  classical  consideration  [1],  [3].  The  effective  pa¬ 
rameter  for  the  longitudinal  size  is  7m  times  larger. 


4.3  The  Ensemble  in  the  Magnetic  Field 


A  relativistic  bunch  with  initial  energy  spread  5j  is  injected 
into  the  magnetic  field.  Particles  with  different  energy  have 
different  radiuses  of  rotation  and  therefore  different  time 
for  one  turn  T  =  (T)-fy.  (T)  and  {7)  are  respectively  the 


average  period  and  energy.  The  bunch  size  a  is 
<7-(E)sin(27r^y^) 


After  the  time  T  —  ^  ^  the  bunch  takes  the  circumfer¬ 
ence  of  the  circle  of  the  radius  ( R )  Now  we  use  numerical 
calculations  to  study  this  phenomena  in  the  frame  of  our 
model.  We  have  made  calculations  for  the  bunch  with  ini¬ 
tial  energy  spread  of  ±1  %.  Computer  results  are  shown  on 
Fig.l.  After  25  turns,  the  center  of  the  bunch  comes  to  the 
center  of  rotation  and  the  beam  size  reaches  the  value  of 
the  rotation  radius,  the  average  momentum  and  its  projec¬ 
tions  become  zero,  but  the  energy  spread  reaches  maximum 
value.  This  position  is  repeated  with  the  period  of  50  turns. 


Number  of  turns 

Figure  1 :  Average  momentum,  momentum  spread,  average 
X-coordinate,  bunch  size  and  average  Z-coordinate. 

4.4  Chicane  Bunch  Compression 


Chicane  bunch  compressor  consists  of  four  rectangular 
dipole  magnets,  where  the  bunch  is  deflected  in  transverse 
direction  and  then  is  forwarded  back.  When  the  bunch  gets 
the  transverse  displacement  X,  it  also  gets  correlated  mo¬ 
ments  MxPz  ,MzPl  and  MPxPz ,  Mxz,  that  change  the  emit- 
tance  projection 


Ae2  =  —  M°  Mu 

^2  PzP»  PxPx 

lm 


r0 


In  a  symmetrical  chicane  the  emittance  projection  comes 
back  to  the  initial  value.  The  space  charge  effect  destroys 
the  symmetry  of  the  compression  dynamics  and  increases 
the  emittance  projection.  Results  of  computer  simulations 
are  presented  on  Fig.2. 


Figure  2:  Bunch  compression.  The  dashed  lines  show  re¬ 
sults  without  consideration  of  the  space  charge  effect. 
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3-D  CALCULATIONS  FOR  A  4  kA,  3.5  MV,  2.5  MICROSECOND 

INJECTOR* 


Abstract 


T.  P.  Hughes* ,  R.  E.  Clark,  Mission  Research  Corp,  Albuquerque,  NM 
S.  S.  Yu,  Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA 


The  DARHT-2  machine  under  construction  at  Los  Alamos 
National  Laboratory  requires  a  long-pulse  (2.5/rsec)  2- 
4  kA,  3.5  MV,  low-emittance  electron  beam  source.  The 
injector  is  being  designed  at  LBNL  and  consists  of  a  large- 
area  thermionic  cathode  mounted  atop  a  vertical  column. 
The  90°  bend  between  the  horizontally  emitted  beam  and 
the  column  produces  dipole  and  higher-pole  fields  which 
must  be  corrected.  In  addition,  the  fast  rise  of  the  cur¬ 
rent  flowing  into  the  vacuum  tank  excites  RF  modes  which 
cause  transverse  oscillations  of  the  beam  centroid.  We  have 
modeled  these  effects  with  the  3-D  electromagnetic  code 
LSP.  The  code  has  models  for  pulsed  power  transmission¬ 
lines  attached  to  boundaries,  space-charge-limited  emis¬ 
sion  and  transport  of  charged  particles,  externally  applied 
magnetic  fields,  and  frequency-dependent  absorption  of 
RF.  We  calculate  the  transverse  displacement  of  the  beam 
as  a  function  of  time  during  the  current  pulse,  and  the  po¬ 
sitioning  and  thickness  of  ferrite  absorber  needed  to  damp 
the  RF  modes.  The  numerical  results  are  compared  to  ana¬ 
lytic  calculations. 

1  INTRODUCTION 

The  DARHT  radiographic  facility  at  LANL  requires  two 
linear  induction  accelerators  at  right  angles  to  each  other. 
The  second  accelerator  is  currently  being  designed  and  will 
provide  a  long-pulse  (2  /rsec  flat-top)  high  current  (2-4  kA) 
beam.  This  paper  describes  calculations  carried  out  for  the 
beam  injector,  shown  in  Fig.  1 .  The  thermionic  emitter  is 
mounted  on  top  of  a  vertical  high-voltage  conductor  and 
insulator  column  inside  a  large  vacuum  vessel.  This  ar¬ 
rangement  simplifies  the  problem  of  supporting  the  weight 
of  the  long  insulator  column.  The  diode  is  driven  directly 
by  a  Marx  bank  which  sits  underneath  the  vacuum  vessel. 
In  order  to  produce  a  linear  potential  drop  across  the  in¬ 
sulator  column,  resistors  are  wound  helically  around  the 
insulator  column,  connecting  the  cathode  dome  on  top  to 
ground  at  the  bottom.  The  beam  is  extracted  at  right  angles 
to  the  high-voltage  feed,  and  this  results  in  both  quasi-static 
and  RF  transverse  forces  on  the  beam.  To  calculate  these 
effects,  we  have  used  the  parallelized  3-D  electromagnetic 
particle-in-cell  code  LSP[1], 

2  QUASI-STATIC  PERTURBATIONS 

The  largest  perturbation  to  the  beam  is  due  to  the  transverse 
magnetic  field  produced  in  the  AK  gap  by  the  current  flow¬ 
ing  in  the  vertical  high-voltage  conductor  and  the  return 

*  Work  supported  by  Los  Alamos  National  Laboratory. 

f  Email:  tph@mrcabq.com 


Figure  1 :  Injector  geometry  used  in  3D  simulations.  Di¬ 
mensions  in  cm. 


currents  flowing  in  the  outer  wall.  The  force  is  analogous 
to  the  hoop-stress  in  an  electron-beam  ring,  and  deflects 
the  beam  upward  in  Fig.  1.  If  we  neglect  wall  currents, 
the  Biot-Savart  law  applied  to  the  net  current  Inet  (high- 
voltage  conductor  current  less  the  resistor  current)  gives 


B. L 


t^olnet 

4-kRak 


(1) 


in  the  AK  gap,  where  Rak  is  the  radius  of  the  AK  gap. 
For  Inet  =  4kA,  Rak  =  1.35  m,  this  gives  about  3  gauss. 
The  resulting  deflection  of  the  beam  is  given  roughly  by 
?(eB±/'ymec)d2,  (where  d  is  the  AK  gap  length  and  7  is 
the  average  relativistic  factor  in  the  gap)  which  is  of  order  a 
few  mm  at  the  anode.  In  order  to  include  the  effect  of  wall- 
currents,  and  obtain  time-dependent  effects,  we  carried  out 
a  calculation  through  the  approximately  500  ns  rise-time  of 
the  voltage  pulse  using  LSP.  In  this  calculation,  the  Marx 
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bank  is  approximated  using  a  simple  745  Cl  transmission¬ 
line  (matched  to  the  nominal  875  $7  diode  impedance  in 
parallel  with  a  5  kfi  resistor)  connected  to  the  coaxial  con¬ 
ductors  at  the  bottom  of  Fig.  1 .  The  numerical  grid  dimen¬ 
sion  is  about  3  cm  and  the  timestep  is  the  Courant-condition 
value.  The  5  kfi  resistor  is  represented  by  a  cylindrical  shell 
of  finite  conductivity.  The  current  and  voltage  at  the  inlet 
(the  bottom  of  Fig.  1)  and  the  beam  current  and  AK  voltage 
are  shown  in  Fig.  2.  The  difference  between  the  steady- 
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Figure  2:  Inlet  and  AK  current  and  voltage  vs.  time 

state  inlet  current  and  the  beam  current  flows  in  the  5  kfi 
resistor  on  the  inside  of  the  insulator  stack.  The  effect  of 
the  asymmetry  of  the  wall  return  currents  on  the  azimuthal 
magnetic  field  is  shown  in  Fig.  3,  where  we  see  that  there 


0  0.5  1  1.5  2  2.5  3 


0 

Figure  3:  Azimuthal  variation  of  Bg  at  different  z  posi¬ 
tions,  at  a  radius  of  134  cm.  AK  gap  is  at  6  =  0. 

is  a  strong  azimuthal  asymmetry  at  the  elevation  of  the  AK 
gap. 

The  transverse  magnetic  field  in  the  AK  gap  and  the 
beam  deflection  30  cm  from  the  cathode  (the  AK  gap  is 
about  30  cm)  are  plotted  in  Fig.  4.  In  this  simulation,  no 
external  focusing  fields  are  applied.  In  practice,  the  an¬ 
ode  contains  solenoidal  magnets  to  capture  the  high-current 
beam.  To  compensate  for  the  transverse  magnetic  field  in 
the  AK  gap,  static  dipole  coils  wound  on  the  solenoidal 


t  (ns) 

Figure  4:  Transverse  magnet  field  14  cm  from  the  cathode 
and  beam  deflection  30  cm  from  the  cathode. 

magnets  will  be  used  to  steer  the  beam  back  on  axis.  If  the 
deflecting  field  were  proportional  to  the  beam  current,  as 
would  be  the  case  if  the  system  had  a  matched  impedance 
from  the  Marx  to  the  AK  gap,  then  the  correction  fields 
would  need  to  vary  with  the  beam  current  to  keep  the  beam- 
head  on  axis.  However  because  of  the  large  capacitance  of 
the  vacuum  vessel  (about  320  pF),  the  risetime  of  the  cur¬ 
rent  flowing  into  the  vacuum  vessel  is  much  shorter  than 
the  risetime  of  the  beam  current  (see  Fig.  2).  It  turns  out 
that  the  deflecting  field  in  the  AK  gap  is  almost  constant 
during  the  rise  of  the  beam  current,  as  shown  in  Fig.  4.  As 
a  result,  static  correction  fields  provides  much  better  steer¬ 
ing  for  the  beam-head  than  one  might  expect. 

On  the  cylindrical  stalk  to  which  the  emitter  is  attached, 
the  difference  between  the  current  flowing  in  the  top  and 
bottom  halves  is  about  740  A  for  a  4  kA  beam  current.  This 
asymmetry  is  consistent  with  a  simplified  calculation  of  the 
dipole  current  on  the  surface  of  a  conducting  cylinder  im¬ 
mersed  in  a  transverse  magnetic  field.  The  dipole  current 
is  given  by  Id  =  (l//xo)  Jq  Bgdl  =  iB0a/fi0  where  B0  is 
the  transverse  magnetic  field  as  r  ->  oo,  and  a  is  the  radius 
of  the  stalk.  Inserting  the  values  for  the  stalk  in  Fig.  1,  i.e., 
a  =  0.4  m,  B0  «  3  x  10-4  T  (3  gauss),  we  get  Id  «  380  A. 
This  is  in  reasonable  agreement  with  the  simulation  value 
(740/2  =  370  A).  On  the  emitting  disk  of  the  cathode,  the 
current  density  is  determined  by  the  normal  electric  field 
stress,  which  is  symmetric  about  the  center  of  the  cathode 
to  a  high  degree.  Thus  the  asymmetric  currents  flowing 
in  the  cathode  stalk  rearrange  themselves  on  the  emitting 
face  to  produce  an  (almost)  symmetric  beam.  There  may  be 
some  higher-pole  magnetic  fields  associated  with  this  pro¬ 
cess,  but  we  have  not  yet  attempted  to  extract  them  from 
the  simulation. 

3  RF  PERTURBATIONS 

The  Lsp  calculations  reveal  that,  in  addition  to  a  quasi¬ 
static  deflection,  the  beam  centroid  undergoes  small- 
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amplitude  transverse  oscillations.  The  beam  displacement 
40  cm  from  the  cathode  surface  is  shown  on  a  magnified 
scale  in  Fig.  5.  The  frequency  spectrum  shows  peaks  at  38, 


Figure  5:  Beam  transverse  displacement  vs.  time  plotted 
on  a  magnified  scale,  and  its  Fourier  transform. 

54  and  78  MHz.  By  externally  driving  the  injector  cavity 
at  each  of  these  frequencies  to  establish  the  mode-patterns, 
we  find  that  they  are  predominantly  TEn-like  modes.  The 
dispersion-relation  for  TEn  modes  in  a  cylindrical  cavity 
of  length  L,  radius  b  with  a  center  conductor  of  radius  a  is 

J'1{a1)Y{{lri)-Yl{a1)J'1{b1)  =  Q  (2) 

where  7  =  \Ju)2 /c2  -  k \  and  kz  =  (2 n  -  l)n/L,n  = 
1,2,...,  is  the  axial  wavenumber.  For  a  =  0.5  m  (the  ra¬ 
dius  of  the  5  kfi  resistor),  b  =  2  m,  L  =  8  m,  the  lowest 
frequency  is  about  44  MHz.  In  the  actual  geometry,  this  is 
lowered  to  38  MHz  (see  Fig.  5),  probably  by  the  AK  gap 
structure.  The  frequencies  in  Fig.  5  are  in  rough  agreement 
with  eigenmode  calculations  using  the  MAFIA  code  and  a 
LANL  finite-element  code[2]. 

Since  the  amplitude  of  the  transverse  oscillations  is 
about  the  same  magnitude  as  the  design  specification  for 
beam  alignment  (100  /mi),  schemes  for  damping  the  RF 
modes  have  being  modeled  numerically.  In  one  scheme, 
we  placed  a  ring  of  ferrite  material  50  cm  high  and  3  cm 
thick  around  the  inside  wall  of  the  vacuum  vessel  near  the 
bottom,  where  the  magnetic  field  of  the  TEn  modes  have  a 
maximum.  The  effect  was  modeled  using  the  dispersive- 
material  model  in  LSP,  with  the  the  real  and  imaginary 
permeability  values  for  “ETA-II  ferrite”  in  the  region  of 
50  MHz  (nr  «  50,  Hi  as  100)  as  given  in  Ref.  [3].  The 
numerical  results  show  a  strong  damping  of  the  RF-driven 
centroid  oscillations  to  below  20  /xm,  as  shown  in  Fig.  6. 
In  the  simulation,  the  thickness  of  the  ferrite  ring  cannot 
be  made  smaller  than  the  radial  cell-size  (3  cm).  Thinner 
ferrite  may  have  a  larger  damping  effect,  however.  From 
the  expression  for  the  reflection  coefficient  of  a  normally- 


Figure  6:  Comparison  of  beam  centroid  motion  with  and 
without  ferrite-ring  damper. 

incident  wave[3],  we  find  that  the  optimal  thickness  for  fre¬ 
quencies  in  the  range  40-70MHz  is  on  the  order  of  1  cm. 
The  enhanced  absorption  is  due  to  reflection  of  the  inci¬ 
dent  wave  from  the  conducting  surface  behind  the  ferrite. 
We  have  verified  this  result  in  coaxial  geometry  using  LSP. 

4  CONCLUSIONS 

The  asymmetric  design  of  the  DARHT-2  injector  produces 
both  quasi-static  and  RF  transverse  displacements  of  the 
beam  centroid.  We  have  modeled  these  effects  with  the  3-D 
electromagnetic  particle-in-cell  code  LSP.  For  a  4  kA  beam 
current,  the  quasi-static  transverse  magnetic  field  is  on  the 
order  of  3  gauss  and  produces  a  beam  deflection  of  several 
millimeters  at  the  anode.  The  effect  will  be  corrected  using 
static  magnetic  dipoles.  The  RF  oscillations  are  produced 
by  TEn-like  modes  of  the  injector  vessel  excited  by  the 
current  rise.  Using  ferrite  damping,  the  oscillation  ampli¬ 
tude  can  be  reduced  to  <  20  /xm.  The  DARHT-2  injector 
will  initially  be  operated  at  2  kA,  which  further  reduces  the 
amplitudes  by  about  a  factor  of  2. 
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Abstract 

A  photo  cathode  rf  gun  has  been  studied  in  the  SPring-8 
Linac  to  obtain  lower  emittance  beams.  In  order  to  com¬ 
pare  an  observed  beam  emittance  or  beam  size  by  simula¬ 
tion,  we  are  also  developing  a  beam  tracking  code  for  this 
test  apparatus.  In  this  paper,  we  describe  the  outlines  of  our 
code,  and  some  calculation  results  for  our  test  apparatus. 

1  INTRODUCTION 

In  the  SPring-8  Linac,  we  are  developing  a  photo  cathode 
rf  gun  for  a  conventional  injector  for  the  linac,  and  also 
for  future  applications  such  as  a  single  pass  FEL  based 
on  the  SASE.  We  simultaneously  require  lower  emittance 
of  around  several  7rmm-mrad  and  a  higher  peak  charge  of 
around  several  nano  Coulomb  per  bunch,  especially  for  the 
SASE.  In  order  to  achieve  these  conditions,  we  must  de¬ 
velop  some  calculation  codes  that  can  predict  beam  char¬ 
acteristics  as  accurately  as  possible.  However,  the  ready¬ 
made  tracking  codes  are  not  considered  sufficient,  because 
a  lot  of  assumptions  are  included.  Thus,  we  have  devel¬ 
oped  our  own  simulation  code  that  is  suitable  for  our  rf  gun 
apparatus  and  includes  as  few  assumptions  as  possible. 

2  TEST  APPARATUS 

The  outline  of  our  apparatus  and  an  rf  cavity  [1]  are  shown 
in  Fig.l.  The  s-band  rf  cavity  is  a  single-cell  cavity  since 
the  field  distributions  in  the  cavity  are  simpler  than  that  for 
a  multi  cell-cavity,  and  this  makes  a  comparison  with  simu¬ 
lations  easier.  The  bottom  side  of  the  cavity,  which  is  made 
of  copper,  is  used  as  a  cathode.  The  rf  from  the  right  hand 
side  port  travels  to  the  opposite  port  and  is  fed  to  a  dummy 
load. 

There  are  two  sets  of  x-y  slits  for  emittance  measurement 
and  a  bending  magnet  for  energy  analyses. 

3  OUTLINE  OF  OUR  CODE 

Our  code  is  a  three-dimensional  particle  tracking  code  that 
includes  the  production  of  electrons  and  space  charge  ef¬ 
fects.  As  a  result  of  recent  increases  in  CPU  speed,  we  try 
to  calculate  all  space  charge  effects  of  each  electron  in  the 
tracking  code,  but  we  assume  that  the  charge  and  mass  of 
each  particle  are  larger  than  those  of  real  electrons.  The 
electron  is  accelerated  in  the  cavity,  but  a  calculation  pro¬ 
cedure  for  the  space  charge  that  includes  acceleration  be¬ 
comes  to  be  complicated  so  much.  Thus,  if  we  assume  uni- 
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Figure  1 :  Rf  gun  test  apparatus  and  cross  section  of  rf  cav¬ 
ity  with  two  windows  for  laser  injection. 


form  motion  for  electron,  the  electric  and  magnetic  fields 
at  point  A  caused  by  electron  B  are  expressed  as  follows; 


Ea  = 


1  _ — er _ 


Ba  =  -zVBxEa 
c 2 


(1) 

where  r  is  a  vector  from  B  to  A,  vg  is  a  velocity  of 
electron  B,  and  7  is  a  relative  factor  of  electron  B.  These 
fields  act  on  electron  A  as  follows: 


Fa  =  -e  (Ea  +  va  x  Ba)  (2) 

The  equation  of  motion  for  each  electron  is  derived  to  the 
following  equation  and  becomes  adaptable  for  the  Runge- 
Kutta  method. 

d  (/7V) 

— e  (v  x  B  +  E)  =  m0— — — 


dv 

dt 


7  m0 


( 

v  x  B  +  E  - 


(3) 


(v '  E) 


We  consider  two  types  of  extra  electromagnetic  sources 
in  our  code.  One  is  an  rf  cavity  for  a  part  of  the  electron 
production,  and  the  other  is  a  set  of  two  coils  for  focusing 
the  electron  beam.  The  fields  in  the  cavity  are  calculated  in 
the  MAFIA  code  and  are  included  in  our  code.  The  fields 
of  the  solenoid  coils  are  calculated  in  our  code.  We  treat 
the  extra  fields  in  the  same  way  for  the  fields  due  to  space 
charge  as  shown  above  in  Eq.3. 

We  also  consider  the  image  charge  effect  caused  from 
the  copper  cathode  in  our  code. 
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4  COMPARISON  WITH  OTHER  CODES 

It  is  important  to  confirm  the  accuracy  of  our  code  by  com¬ 
paring  it  with  other  conventional  codes.  Fig.2  shows  some 
comparisons  with  MAFIA’S  calculations,  which  include  the 
electron  production  and  tracking  in  the  cavity.  Table  1  lists 
parameters  in  their  calculations. 


Distance  from  a  cathode  (m) 
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Figure  3:  Comparison  between  our  code  and  MAFIA. 
Charge  is  1  nC  per  bunch.  Initial  beam  spot  size  is  0.25 
mm  (lcr),  which  is  almost  comparable  to  MAFIA’s  mesh 
size.  Maximum  field  in  cavity  varied  as  shown  in  the  fig¬ 
ure.  Other  parameters  are  the  same  as  Table  1. 


Figure  2:  Comparison  between  our  code  and  MAFIA 
ver4.0.  An  exit  flange  of  rf  cavity  corresponds  to  0.074 
m  in  horizontal  axis. 

An  initial  rf  phase  4>  in  Table  1  is  defined  by 

^cavity  ~  E max  COS  (ujt  Cp')  (4) 

To  reduce  memory  size,  MAFIA  calculates  in  a  two- 
dimensional  space,  so  the  definitions  of  some  parameters 
are  quite  different  from  our  three-dimensional  code.  How¬ 
ever,  in  this  case,  input  parameters  are  selected  in  the  same 
way  if  possible.  The  transverse  distributions  of  initial 
beam  radius  are  set  as  gaussian  in  the  cylindrical  coordi¬ 
nate,  and  the  field  distribution  in  the  cavity  is  calculated 
with  the  assumption  that  the  cavity  is  perfectly  cylindri¬ 
cal.  An  emittance  in  Fig.2  is  the  normalized  rms  emittance, 

which  is  defined  by  ex  =  (7)  (/3)  yj ( x 2)  (x12)  -  (x  ■  x ')2 

for  our  code,  and  er  =  |  (7)  (/?)  J ( r 2)  (r'2)  -  ( r  ■  r’)2 
for  MAFIA. 


Table  1 :  Calculation  Parameters  used  in  Fig.2 


Charge  per  bunch 

1 .0[nC]  or  none 

Initial  beam  transverse  profile 

Gaussian 

Initial  beam  radius  on  cathode 

1.5[mm]  (lcr) 

Longitudinal  bunch  profile 

uniform 

Bunch  length 

10[ps] 

Initial  emittance 

0[7rmm-mrad] 

Maximum  field  in  cavity 

150[MV/m] 

Initial  rf  phase 

45  [degree] 

MAFIA’s  mesh  size 

0.1  [mm] 

Our  code  and  MAFIA  show  good  agreement  when  the 
space  charge  effects  are  ignored.  However,  our  code  shows 


about  20  %  larger  emittance  than  MAFIA  in  the  calculation 
including  charges  of  1  nC  per  bunch. 

In  the  case  of  Fig.2,  an  initial  beam  radius  is  1.5  mm, 
because  MAFIA’s  mesh  size  of  0.1  mm  is  selected.  How¬ 
ever,  in  the  actual  experiment,  the  laser  beam  spot  size  is 
expected  to  be  more  smaller.  Fig.3  shows  calaulation  re¬ 
sults  for  small  size  of  0.25  mm  (  la  ),  which  corresponds 
to  an  actual  spot  size  of  the  laser  beam. 

In  Fig.2,  magnitudes  do  not  agree,  but  the  distributions 
of  the  rms  emittance  show  good  agreement.  However  in 
Fig.3,  even  distributions  do  not  agree  when  the  fields  in  the 
cavity  are  low.  This  shows  the  limits  of  MAFIA’s  ability. 
In  MAFIA,  to  set  up  more  smaller  mesh  size  or  even  three- 
dimensional  calculations  are  available,  but  more  memories 
are  needed.  Moreover,  if  the  fields  in  the  cavity  is  low,  the 
dependence  on  the  space  charge  effects  become  large.  Thus 
high  calculation  accuracy  is  required  in  these  cases. 

Our  code  also  shows  agreement  with  PERMELA,  but  it 
is  useful  when  non-cylindrical  fields  or  beams  must  be  con¬ 
sidered,  or  high  accuracy  is  required. 

5  CALCULATIONS  FOR  THE  TEST 
APPARATUS 

The  calculation  of  the  emittance  varieties  for  the  actual  test 
apparatus  were  carried  out  using  our  code.  In  this  section, 
we  do  not  use  the  assumption  of  symmetrical  cavity.  The 
transverse  distribution  of  the  initial  beam  is  set  to  be  gaus¬ 
sian  distribution  in  the  rectangular  coordinate.  Fig.4  shows 
the  results  that  depend  on  the  cavity  field. 

The  emittance  becomes  lower  as  the  field  in  the  cavity 
increases.  In  a  region  over  200  MV/m,  it  becomes  almost 
constant.  However,  it  is  very  difficult  to  increase  the  field  of 
the  cavity  because  of  discharges  or  dark  currents  in  actual 
experiment. 
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Figure  4:  Emittance  varieties  depend  on  maximum  cavity 
field  changed  from  100  MV/m  to  300  MV/m.  Charge  is  1 
nC  per  bunch.  Initial  beam  radius  is  0.25  mm  (la).  Other 
parameters  are  the  same  as  Table  1. 
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Figure  5:  Emittance  varieties  depend  on  initial  rf  phase. 
Charge  is  1  nC  per  bunch.  Initial  beam  radius  is  0.25  mm 
(1  a).  Maximum  field  in  cavity  is  150  MV/m.  Other  param¬ 
eters  are  the  same  as  Table  1 . 


Figure  5  shows  an  initial  phase  dependence.  As  shown 
in  Eq.4,  if  the  initial  phase  is  equal  to  zero,  the  field  of  the 
cavity  becomes  maximum  when  the  laser  is  injected  to  the 
cathode  surface.  Therefore,  the  fields  become  lower  as  the 
initial  phase  increases.  In  a  region  from  20  degrees  to  60 
degrees,  the  emittances  at  the  exit  of  the  cavity  are  almost 
constant.  This  is  because  there  is  not  so  much  difference 
in  electron  speed  just  after  the  cathode  in  this  region,  but 
in  a  region  from  60  degrees  to  80  degrees,  the  emittance 
becomes  larger  as  the  phase  increases.  This  is  because  an 
electron  speed  just  after  the  cathode  becomes  slower.  In 
addition,  a  beam  energy  increases  as  the  initial  phase  in¬ 
creases,  and  energy  becomes  almost  constant  of  3.5  MeV 
with  the  cathode  field  of  150  MV/m  in  a  region  of  over  60 
degrees.  Thus,  the  optimum  initial  phase  is  considered  to 
be  around  60  degrees. 

Figure  6  shows  the  calculated  emittances  and  beam  sizes 
from  the  cathode  to  the  Faraday-cup,  which  is  located  1.5 
m  downstream  of  the  cathode.  This  simulation  includes  the 
fields  of  the  two  solenoid  coils.  The  first  coil  is  positioned 
0.174  m  from  the  cathode,  and  the  second  coil  is  located 


at  0.374  m.  The  x  and  y  beam  sizes  are  slightly  different 
because  of  the  asymmetry  of  the  cavity. 
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Figure  6:  Calculated  emittances  and  beam  sizes  from  cath¬ 
ode  to  Faraday-cup.  Parameters:  InC  charge,  0.25  mm 
(la)  initial  beam  radius,  150  MV/m  field  in  the  cavity,  60 
degrees  initial  rf  phase, 400  number  of  particles.  Field  of 
first  and  second  solenoid  coil  corresponds  to  1500  and  800 
Gausses,  respectively. 

The  x-emittance  and  y-emittance  change  dramatically  in 
the  solenoid  coils,  because  the  x  and  y  component  of  mag¬ 
netic  fields  are  coupled  in  solenoids,  that  is,  the  x  compo¬ 
nent  of  the  fields  is  the  function  of  both  x  and  y,  and  even  z. 
Therefore,  the  emittance  must  not  be  constant.  The  emit¬ 
tance  becomes  smaller  after  the  solenoid  coils  by  choosing 
the  optimum  solenoid  fields.  In  the  experiment,  we  can 
measure  the  emittance  only  downstream  of  the  solenoids, 
so  when  we  estimate  the  emittance  of  the  cavity,  this  calcu¬ 
lation  is  very  important. 

The  beam  size  fits  our  apparatus  flange  size  of  ICF70  in 
this  condition.  The  calculated  emittances  are  higher  than 
expected.  But  main  purpose  of  our  test  apparatus  is  to  make 
comparisons  in  simulations. 

6  SUMMARY 

The  particle  tracking  code  including  space  charge  effects 
for  the  rf  gun  test  apparatus  has  been  developed.  Calcu¬ 
lated  emittances  show  good  agreement  with  MAFIA  and 
PERMELA.  However,  our  code  is  suitable  for  precious  or 
asymmetric  calculations.  In  the  near  future,  we  are  going 
to  remove  an  assumption  of  uniform  motion  for  electron 
in  our  code.  Now,  the  experiment  has  just  started.  In  ac¬ 
tual  measurements,  new  problems  will  be  occurred,  for  in¬ 
stance,  the  transverse  or  longitudinal  photon  distributions 
of  a  laser  pulse  have  a  great  influence  on  the  emittance  in 
our  calculation.  We  are  expected  to  observe  these  effects  in 
practice. 
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Abstract 

We  present  two-  and  three-dimensional  models  of  space 
charge  in  intense  charged-particle  beams  using  Green’s 
functions.  In  particular,  we  compute  the  electrostatic 
Green’s  function  for  a  periodic  collinear  distribution  of 
point  charges  located  inside  of  a  perfectly  conducting 
drift  tube.  As  applications  of  the  Green’s  function 
description,  we  analyze  the  matching  and  transport  of  an 
initially  axisymmetric  beam  into  a  quadrupole  channel 
and  the  interaction  of  a  particle  with  its  induced  surface 
charge. 


1  INTRODUCTION 

Our  electrostatic  models  of  periodic  space  charge  in  an 
infinite  conducting  cylinder  use  both  2-D  and  3-D 
Green’s  functions.  The  Green’s  function  provides  the 
complete  electrostatic  potential  inside  of  the  interaction 
region  due  to  both  point  charges  and  induced  surface 
charges.  From  this  potential,  the  electric  fields  at  any 
point  inside  of  the  cylinder  can  be  deduced,  and  space 
charge  dynamics  may  be  simulated. 

Our  paper  is  organized  as  follows.  In  Sec.  2,  both  2-D 
and  3-D  Green’s  functions  are  obtained  analytically  and 
computed.  In  Sec.  3,  use  is  made  of  the  2-D  Green’s 
function  to  simulate  matching  of  an  axisymmetric 
intense  beam  into  a  quadrupole  focusing  channel,  and  of 
the  3-D  Green’s  function  to  simulate  single  particle 
dynamics. 

2  GREEN’S  FUNCTION  DESCRIPTION 

The  3-D  Green’s  function  satisfies  Laplace’s  equation 
with  periodic  point  charge  sources  [1], 

V2  G3D  =  5(r-r')S{6-B')5L{z-z'\  (1) 

r 

where 

SL^-^')='^JSk-^-nL\  (2) 

n=- <*> 

L  is  the  spacing  of  the  point  sources,  the  primed 
coordinates  denote  the  locations  of  the  unit  point 
charges.  The  Dirichlet  boundary  condition  and  the 
periodic  boundary  conditions  for  translational  and 
rotational  symmetries  require  that 

G3D(r,6,z  +  L\x')=G3D(r,0,z,x'), 

G3 d  ( r ,  6  +  2k,  z; x')=  G3D  ( r ,  6,  z,  x')  (3) 

G3D(a,0,z,x')=  0, 


’Work  supported  by  DOE  and  AFOSR. 


where  a  is  the  radius  of  the  cylinder.  The  solution  of  (1) 
can  be  constructed  by  expanding  in  terms  of  the 
eigenfunctions  of  Laplace’s  equation  in  cylindrical 
coordinates.  We  obtain  the  following  solution, 

2  VV  em(e-e’)  eH(e-tf)  1  XnS<) 


g3d  (*;*’) =7  2,2 


/,(««)  (4) 


x[/,  {na)K,  (nS>  )-  /,  («<?>  )K,  (na)l, 


where 

_  2 Ttr  2  itr’  2  jcz 

8= — ,  8  = - ,e= — . 

L  L  L 


,  2  Ttz  2m 

e  = - ,a= - 

L  L 


(5) 


and  the  symbol  >  (<)  denote  the  greater  (lesser)  of  <5  and 
S' .  Separation  of  the  n  =  0  terms  from  the  n  >  0  terms 
yields  the  following  form  for  G3D, 

G3 d  =yG2D  +~^,cos[w(£-£')]  ,°Y  vy 
L  L  “  I0ina) 

x{l0(na)K o  (n5>  )-/0 (nS>  )K0  (nor)} 


+ S  cos[”(f  -  £,)]cos!/  (p  -#0! 

*=i  /=i 


AT  I,{nS<) 


(6) 


L  V~  “  I ,(na) 


x{/,  (na)K,  (i nS> )-/,  (nS>  )K,  (««)} 
where  G1D  is  the  2D  Green’s  function  defined  by, 

~ a2 +{5>5<lay  -2 8>S<  cos (0-0') 


G2D=ln 


(7) 


8* +8  2 -28>5<cos(e-G') 

When  we  take  the  limit  as  L  ->  0  in  (6),  we  recover 
the  2-D  Green’s  function 

G2 D  =  ^G3D  (8) 

L~»0 


This  is  because  the  second  and  third  terms  of  (6)  vanish 
as  L-»  0. 

We  tested  the  Green’s  function’s  convergence 
properties  for  a  triply  extreme  case  of  (6)  with  8'  — >  0 , 
a  ->  °° ,  and  S  -»  0 .  This  corresponds  to  choosing  a 
line  charge  in  free  space  and  examining  the  electric  field 
between  any  two  points.  We  found  exact  numerical 
agreement  between  the  known  result  and  the  one 
computed  from  G3D ,  when  we  included  the  first  15,000 
terms  in  the  summation. 


3  APPLICATIONS 


3.1  Two-Dimensional  Case 

In  many  beam  systems,  an  axisymmetric  particle  beam  is 
generated  at  the  electrode  and  is  injected  into  a  structure 
that  is  not  axisymmetric.  Typically,  the  rms  envelope 
equation  is  used  to  determine  the  matching  conditions 
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for  the  system.  However,  the  rms  matching  gives  no 
information  about  the  detailed  phase-space  evolution. 
Here,  we  make  use  of  two-dimensional  Green’s  function 
based  self-consistent  simulations  to  perform  a  detailed 
phase-space  analysis  for  the  matching  and  transport  of  a 
high-intensity  axisymmetric  particle  beam  in  a 
quadrupole  channel.  In  particular,  we  analyze  the  effects 
of  a  nonlinear  transverse  macroscopic  velocity  profile  in 
the  initial  particles  distribution.  The  nonlinearity  in  the 
velocity  profile  models,  for  instance,  the  effects  of  the 
concave  shape  of  the  electrode. 

We  consider  a  continuous,  intense  beam  propagating 
with  average  axial  velocity  fibcez  through  a  quadrupole 
channel  with  magnetic  field  given  by 

\  =  MJ)(yex  +  *e  y)  •  (9) 

YbPbmc 

Here,  q  and  m  are  the  particles  charge  and  mass, 
respectively,  yb  =(l-/?fc2  ^ 2  is  the  relativistic  mass 
factor,  s  is  the  axial  coordinate,  and  Kq(s)  is  the 
quadrupole  coupling  coefficient.  We  assume  for  Kq($)  the 
profile  shown  in  Fig.  1,  corresponding  to  a  tapered 
channel  where  the  first  lattice  period  has  quadrupoles 
with  increasing  magnetic  fields  that  match,  in  an  rms 
sense,  the  beam  into  the  periodic  channel  formed  by  the 
remainder  lattice.  The  lattice  period  is  S. 

The  rms  matching  is  obtained  by  analyzing  the 
solutions  of  the  rms  envelope  equations  [2] 


-+KJs)a~ 


2  (a+b)  16a3 


=  0,  (11) 

ds2  2  {a+b)  16  b3 

/  2\1/2  /  ?\1/2 

where,  a  six  )  and  b  =  {y  )  are  the  rms 

envelopes,  K  =  2q2Nb  /  ylfi^mc2  is  the  perveance  of 
the  beam,  e  is  four  times  the  unnormarlized  rms 
emittance  (which  is  assumed  to  be  the  same  for  x  and  y), 
Nb  is  the  number  of  particles  per  unit  axial  length  of 

beam,  and  (  )  denotes  average  over  particles.  In 


particular,  for  a  given  beam  intensity  and  periodic 
channel  parameter  C,  (see  Fig.  1),  we  make  use  of  Eqs. 
(10)  and  (11)  to  determine  the  injection  parameters  for 
the  axisymmetric  beam,  namely  a,  b  and  their 
derivatives  at  s  =  0,  as  well  as  the  magnetic  field 
strengths  of  the  quadrupoles  in  the  first  lattice  period, 
denoted  by  C,  and  C2  in  Fig.  1.  We  focus  here  on  high- 
intensity  beams,  which  are  highly  space-charge 
dominated,  such  that  the  emittance  terms  in  the  envelope 
equations  are  negligible  in  comparison  to  the  perveance 
terms.  To  illustrate  the  matching  process,  the  curves  in 
Fig.  2  show  the  solution  for  a(s)  and  b(s)  for  a  periodic 
channel  with  vacuum  phase  advance  <J0  =  70.8°  (S2Cs  = 
10.0,  7]  =0.3)  and  beam  perveance  SK/e  =  16.0 


(corresponding  to  a  space-charge-depressed  phase 
advance  of  a = 5.4°). 


0.0  1.0  2.0  3.0 

s/S 


Fig.  1  Quadrupole  coupling  coefficient.  Here,  S  is  the 
lattice  period  and  T|  is  the  filling  factor. 

To  analyze  the  effects  of  the  nonlinear  tranverse 
macroscopic  velocity  profile  in  the  phase-space 
evolution  of  the  beam  we  make  use  of  self-consistent 
particle  simulation.  We  consider  an  initially 
axisymmetric  cold  beam  with  particles  homogeneously 
distributed  up  to  a  radius  of  rb  =  2a(0)  =  2b(0)  and  with 
transverse  velocity  given  by 

/  r  r  2  v 

r'  =— r  1+v  1 - -  ,  (12) 

a  L  {  2a  )\ 

where  r  =  xex  +  yey  is  the  transverse  displacement,  the 
prime  denotes  derivative  with  respect  to  s,  and  v  is  the 
parameter  that  measures  the  nonlinearity  in  the  velocity 
profile  (for  v  =  0  the  velocity  profile  is  linear).  It  can  be 
shown  that  the  nonlinearity  induced  by  the  concave 
shape  of  the  electrode  leads  to  v  >  0. 

First,  we  analyze  the  behavior  of  the  rms  envelopes. 
The  symbols  in  Fig.  2  correspond  to  the  rms  envelopes 
obtained  from  the  particle  simulation  for  an  initial 
velocity  nonlinearity  of  v  =  0.25.  The  channel  and  beam 
parameters  are  the  same  as  those  used  in  the  rms 
envelope  equations  represented  in  the  figure  by  the 
curves.  The  evident  agreement  reveals  that  even  in  the 
presence  of  nonlinearities  in  the  velocity  profile,  the 
beam  matches  well  (in  an  rms  sense)  to  the  quadrupole 
channel. 

Second,  we  analyze  what  happens  to  the  particle 
distribution  as  the  nonlinearity  in  the  velocity  profile  is 
introduced.  The  results  are  summarized  in  Fig.  3,  where 
we  compare  particle  distributions  for  the  cases  with  and 
without  initial  velocity  nonlinearities  at  three  axial 
positions:  s/S  =  0.0,  1.0  and  2.5.  Note  that  at  these  axial 
positions  the  beam  is  such  that  a(s)  =  b(s).  In  Fig.  3,  the 
plots  shown  on  the  left  correspond  to  v  =  0  and  those  on 
the  right  correspond  to  V  =  0.25.  While  for  v  =  0  the 
beam  propagates  coherently,  for  v  =  0.25  the  initially 
rounded  beam  develops  edges  after  the  first  lattice 
period,  becoming  partially  hollow  subsequently  (at  s/S  = 
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2.5).  The  hollow  profile  of  the  beam  at  s/S  =  2.5  is 
confirmed  by  analyzing  the  density  function  (not 
presented  here),  which  shows  that  the  density  at  the  edge 
is  twice  the  density  at  the  center  of  the  beam. 


Fig.  2  RMS  envelopes  obtained  from  the  rms  envelope 
equations  and  self-consistent  simulation. 


.  X  X 

Fig.  3  Particles  distribution  for  v  =  0  (left)  and  v  =  0.25 
(right).  The  coordinates  x  and  y  are  normalized  to  ~JeS  . 

To  summarize  briefly,  we  have  analyzed  the 
matching  and  transport  of  an  initially  axisymmetric  high- 
intensity  beam  in  a  tapered  quadrupole  channel.  The  rms 
envelope  equations  have  been  used  to  determine  the 
matching  conditions.  Using  a  two-dimensional  Green’s 
function  based  self-consistent  simulation  code,  we  have 
investigated  the  effects  of  an  initial  nonlinear  transverse 


macroscopic  velocity  profile  on  the  beam  dynamics.  It 
has  been  found  that  the  rms  radii  evolution  agrees  with 
the  rms  envelope  equation  analysis,  and  that  the  presence 
of  nonlinearities  in  the  velocity  leads  to  changes  in  the 
detailed  particles  distribution  and  the  onset  of  beam 
hollowing. 


3.2  Three-Dimensional  Case 


As  a  necessary  component  of  a  one-particle  simulation, 
we  compute  the  electrostatic  self-field  (field  of  a  particle 
due  to  its  induced  surface  charge.  This  radial  electric 
field  is  given  by  the  following  expression: 

5  Y&ry  nl0  (nS)l ,  (nS)K0  (na) 
va2-82)  L2~  hina ) 


II 

»=1  /=1 


till  (nS)l  {(nS)  K [(na) 

hina) 


(13) 


Utilizing  the  electrostatic  self-field  force,  we  are  able 
to  simulate  one  string  of  particles  interacting  with  its 
induced  charge.  We  apply  a  constant  magnetic  field 
parallel  to  the  axis  of  the  pipe.  The  Lorentz  forces  are 
only  in  the  transverse  direction,  so  longitudinal  motion 
can  be  ignored.  As  an  example,  a  radially  confined  orbit 
is  shown  in  Fig.  4  fora  =  26 (initial)  =  0.2 . 


Fig.  4  Trajectory  of  a  trapped  particle  in  the  conducting 
pipe  with  initial  conditions  P=#=0,  P„=0.001 

(normalized  to  8jic/qliB),  and  't=32rimc/LsB2= 0.001. 

4  SUMMARY 

Both  two-  and  three-dimensional  models  of  space  charge 
in  intense  charged-particle  beams  have  been  presented 
using  Green’s  functions,  and  applied,  respectively,  in  the 
analyses  of  the  matching  and  transport  of  an  initially 
axisymmetric  beam  into  a  quadrupole  channel  and  of  the 
interaction  of  a  particle  with  its  induced  surface  charge. 
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THE  EFFECT  OF  TRAPPED  BACKSTREAMING  IONS  ON  BEAM 
FOCUS  AND  EMITTANCE  IN  RADIOGRAPHIC  ACCELERATORS 
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Abstract 

The  use  of  electron  beam  accelerators  in  advanced  X-ray 
radiography  requires  that  the  beam  be  focused  to  a  very 
small  spot  size  on  a  metallic  bremsstrahlung  converter 
target.  The  energy  deposition  of  the  beam  into  a  small 
volume  of  target  material  rapidly  converts  the  target  into  a 
high-density  plasma.  The  space-charge  density  of  the 
focused  beam  sets  up  a  strong  electric  field  at  the  surface 
of  the  grounded  target,  which  then  accelerates  ions  of 
target  plasma  and  lighter  contaminants  into  the  beam. 
These  “backstreaming  ions”  form  a  long  channel  which 
partially  neutralize  the  space  charge  of  the  beam, 
disrupting  the  beam  focus  and  degrading  the  radiographic 
performance.  One  solution  to  this  problem  is  to  confine 
the  backstreaming  ions  in  a  short  channel  with  a  self- 
biased  inductive  trap.  Such  a  trap  has  been  proposed  for 
testing  on  the  ETA-II  accelerator.  We  will  present 
numerical  simulations  which  show  the  effect  of  the  high 
trapped-ion  charge  density  on  the  beam  spot  size  and 
emittance. 

1  INTRODUCTION 

Accelerator  systems  for  X-ray  radiography  transport  a 
high-current  relativistic  electron  beam  to  a  final-focus 
system,  where  the  beam  is  concentrated  to  a  small  (~  1 
mm)  spot  size  on  a  metallic  converter  target.  X-rays  are 
produced  via  bremsstrahlung  in  the  converter  material.  The 
high  energy  deposition  of  the  beam  into  the  target  rapidly 
heats  it,  creating  a  plasma  of  target  material  and  any  light 
contaminants.  Since  the  metallic  target  and  subsequent 
plasma  form  an  equipotential  surface,  and  since  the  target 
system  is  usually  grounded,  the  high  space-charge  density 
of  the  electron  beam  generates  a  large  axial  electric  field  in 
front  of  the  target.  This  electric  field  extracts  ions  from 
the  target  plasma  and  quickly  accelerates  them  upstream 
into  the  beam,  in  a  process  referred  to  as  “ion 
backstreaming.”  The  ion  space  charge  neutralizes  the  beam 
space  charge,  so  that  the  beam’s  own  magnetic  field 
overfocuses  the  beam  and  degrades  the  X-ray  production. 
This  process  is  shown  schematically  in  the  upper  portion 
of  Figure  1 .  Simple  analytic  models  of  this  process  [1] 
show  that  a  very  small  supply  of  ions,  parts  per  billion 
relative  to  the  solid  density  of  the  target,  is  enough  to 
generate  space-charge  limited  (SCL)  ion  flow  into  the 
beam,  on  a  fairly  fast  time  scale  (10-20ns)  relative  to  a 
typical  beam  pulse  (50-60ns)  if  light  ions  are  present. 

The  best  tactic  for  avoiding  backstreaming  ions  would 
be  to  suppress  completely  the  formation  of  plasma  at  the 


target,  but  no  plausible  scheme  for  accomplishing  this  has 
been  found.  Another  technique  is  to  dynamically  adjust  the 

beam  and  its  focusing  system  to  compensate  for  the 
presence  of  the  ions  [1],  However,  the  most 
straightforward  technique  is  to  inductively  [2]  or 
resistively  [3]  bias  the  target  to  counteract  the  axial 
electric  field  produced  by  the  electron  beam. 

In  the  inductive  case,  a  modified  accelerating  cell  is 
placed  in  front  of  the  converter  target  and  operated  in 
reverse  of  its  normal  polarity,  creating  a  potential  well  in 
front  of  the  target  which  traps  ions  before  they  can  form  a 
channel  of  sufficient  length  (the  disruption  length )  to 
defocus  the  beam.  This  is  shown  in  the  lower  portion  of 
Figure  1 .  Note  that  during  the  flattop  of  the  voltage  pulse 
on  the  induction  cell,  a  static  field  model  can  be  used  and 
the  concept  of  a  potential  is  applicable. 


Figure  1.  Untrapped  (upper)  and  trapped  (lower) 
backstreaming  ion  configurations. 

Such  a  cell  has  been  designed  and  will  be  tested  as  part 
of  the  ongoing  experimental  campaign  on  the  ETA-II 
accelerator  (see,  for  example,  [4])  to  evaluate  this 
technology  for  use  in  the  DARHT-H  project.  Previous 
modeling  (2]  of  this  cell  shows  that  it  can  confine 
backstreaming  ions,  but  these  simulations  did  not  include 
the  self-consistent  behavior  of  the  electron  beam  as 
modified  by  the  trapped  ions.  Since  the  results  showed 
that  the  trapped  ion  density  is  much  higher  than  the  SCL 
value  normally  used  to  estimate  the  disruption  length,  it 
is  not  clear  that  trapping  the  ions  actually  preserves  the 
beam  spot  size;  it  is  also  possible  that  such  a  dense  ion 
channel  produces  emittance  growth,  which  degrades  X-ray 
production.  Therefore,  we  have  performed  fully  self- 
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consistent  numerical  modeling  of  this  inductive  ion  trap 
using  DARHT-II  beam  parameters. 

2  NUMERICAL  RESULTS 


in  unconfined  SCL  flow.  The  ion  channel  length  is  quite 
short,  however,  at  about  3.4cm.  Figure  5  shows  the  beam 
spot  size  and  emittance  at  the  target  as  a  function  of  time. 
Here  we  see  that  the  beam  spot  size  is  controlled,  but  at 
the  expense  of  substantial  emittance  growth. 


Two  types  of  simulations  have  been  performed  of  the 
inductive  ion  trap.  Time-dependent  particle-in-cell  (PIC) 
modeling  has  been  done,  and  when  it  was  observed  that 
the  system  settles  into  a  steady-flow  configuration,  a 
Vlasov  electron  model  was  employed  for  more  accurate 
calculation  of  the  beam  envelope  and  emittance. 

The  geometry  and  typical  beam  and  ion  configuration, 
as  used  in  the  PIC  runs,  are  shown  in  Figure  2.  The 
simulation  runs  for  20ns;  hydrogen  ions  are  emitted  in 
SCL  flow  beginning  at  Ins,  after  the  beam  has  ramped  up 
to  a  steady  current  of  2kA  and  an  energy  of  20MeV.  The 
beam  hard-edge  radius  at  the  target,  prior  to  ion  emission, 
is  slightly  over  0.5mm.  The  voltage  across  the  gap  of  the 
induction  cell  is  400kV. 


■  •  l 
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Z  (m) 

Figure  2.  Computational  geometry,  showing  beam,  ions, 
aperture  plate,  and  induction  cell  electrode. 
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Figure  3.  Steady  circulation  in  ion  Z-Vz  phase  space. 

Figure  3  shows  the  z-vz  phase  space  of  the  ions  at 
20ns.  The  ions  have  reached  a  steady  circulation  in  the 
trapping  field,  suppressing  further  emission  from  the 
target  plasma.  (Note  that  over  the  duration  of  a  beam 
pulse,  the  target  plasma  does  not  expand  significantly 
from  the  original  surface.)  Figure  4  shows  the  ratio  of  ion 
charge  density  to  beam  charge  density  on  the  axis;  they  are 
of  the  same  order,  as  opposed  to  the  -10%  value  reached 


Figure  4.  On-axis  ratio  of  ion  charge  to  beam  charge. 


Figure  5.  Beam  envelope  and  emittance,  at  the  target 
plane,  as  a  function  of  time. 


Because  of  concerns  that  the  PIC  code  generates 
significant  numerical  emittance  growth,  the  steady-state 
ion  density  was  fed  into  a  Vlasov  electron  model  to 
confirm  the  degradation  of  the  beam  emittance.  The  beam 
envelope  and  emittance  as  a  function  of  axial  distance 
from  the  target  are  shown  in  Figure  6.  It  is  important  to 
note  that  the  target  plane  is  at  z=0.3cm  in  this  model. 
These  results  show  less  emittance  growth  than  in  the  PIC 
runs  but  nevertheless  a  substantial  rise  over  the  initial 
value  of  1200  Ji-mm-mrad  (normalized). 

Parametric  studies  have  been  performed  to  examine  the 
variation  of  spot  size  control  and  emittance  growth  with 
cell  voltage  and  gap  size.  However,  due  to  strong 
engineering  constraints  on  combinations  of  voltage  and 
gap  size  that  will  avoid  breakdown  in  the  presence  of  an 
expanding  plasma,  and  the  limit  on  channel  length  to 
prevent  spot  size  variation,  no  significant  departure  from 
the  behavior  shown  here  could  be  attained. 
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Figure  6.  Steady  state  spatial  profile  of  beam  envelope  and 
emittance  from  Vlasov  model.  Note  the  target  plane  is  at 
z=0.3  cm  in  these  results. 


3  CONCLUSIONS 


A  fully  self-consistent  model  of  an  electron  beam  and 
backstreaming  ions  in  an  inductive  trap  has  been  studied, 
to  see  the  effect  of  the  high  trapped  ion  charge  density  on 
the  beam.  The  beam  spot  size  is  controlled  successfully  as 
the  ions  are  confined  to  a  short  channel,  and  reach  a 
steady-state  configuration.  However,  there  is  considerable 
emittance  growth  in  the  beam  due  to  nonlinear  focusing. 
Parametric  studies  performed  within  the  engineering 
constraints  of  an  induction  cell  have  not  yielded  an 
alternate  design. 
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Abstract 

We  introduce  in  this  paper  two  numerical  methods,  a 
Darwin  model  field  solver  and  a  semi-Lagrangian  Vlasov 
solver,  which  may  be  appealing  for  beam  simulations  and 
discuss  their  properties. 

1  THE  DARWIN  MODEL  FIELD 
SOLVER 

1.1  Introduction 

The  Darwin  Particle-In-Cell  formulation  was  introduced  by 
Nielson  and  Lewis  in  1976  [1],  This  model,  as  described  in 
detail  in  the  next  section,  eliminates  only  the  propagating 
light  waves  from  the  system,  while  retaining  other  slower 
time  scale  electromagnetic  effects  arising  from  the  particle 
current  sources.  It  has  proved  to  be  a  mixed  blessing  over 
the  years.  Many  authors  have  used  the  technique  to  great 
advantage,  but  have  noted  the  difficulties  sometimes  en¬ 
countered  in  its  implementation  [1],  [2].  These  problems 
arise  from  modifications  of  the  originally  hyperbolic  sys¬ 
tem  of  equations  which  make  the  resulting  system  elliptic. 
Thus  boundary  conditions  must  be  carefully  formulated  in 
order  to  ensure  the  problem  is  well-posed.  Some  of  the 
most  violent  numerical  instabilities  experienced  in  plasma 
computations  are  associated  with  naive  implementations  of 
the  Darwin  method.  However,  certain  beam  simulations, 
which  involve  much  less  dense  plasma  might  be  spared 
these  instabilities,  and  this  could  make  the  Darwin  model 
very  appealing  in  such  cases. 

1.2  The  Darwin  model 


where  V  x  El  =  0  and  V  •  E x  =  0.  Furthermore,  as 
V  x  E l  =  0  we  can  write  El  —  — V0.  Darwin's  ap¬ 
proximation  consists  in  dropping  the  transverse  part  of  the 
displacement  current  from  Ampere's  law: 

„  „  ,1  dEL 

V  x  B  —  noJ  H — 2  q,  ) 
cl  ot 

and  keeping  the  other  three  Maxwell's  equations  un¬ 
changed. 


1.3  Asymptotic  derivation  from  Maxwell’s 
equations 

Let  us  assume  that  the  time  derivatives  are  small  in  Max¬ 
well'  s  equation.  To  emphasize  this  we  write  the  dimension¬ 
less  Maxwell' s  equation  introducing  the  small  parameter  e: 


9E 

-^+VXB 

9B 

£— +  VxE 


J, 

0, 

Pi 
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We  express  the  fields  E  and  B  such  that 
E  =  E°  +  eEl  +  s2E2  +  . . . 

B  =  B°  +  eB1  +  e2B2  +  . . . 

Plugging  them  into  Maxwell' s  equations,  we  get  by  gath¬ 
ering  the  terms  in  the  same  power  in  e: 

The  first  order  terms: 


The  Darwin  approximation  of  Maxwell' s  equations  is  in¬ 
troduced  to  remove  what  is  often  the  stiffest  time  scale  in 
electromagnetic  simulations,  namely  the  propagation  time 
of  light  waves  from  zone  to  zone.  This  model  eliminates 
electromagnetic  waves,  but  keeps  other  important  parts  of 
the  physics,  in  particular  the  low  frequency  phenomena. 

The  electric  field  E  is  decomposed  into  two  parts,  a  lon¬ 
gitudinal  part  El  which  is  curl  free  and  a  transverse  part 
E t  which  is  divergence  free: 

E  —  El  4-  Ex 

*  This  work  was  supported  by  the  Director,  Office  of  Energy  Research 
[Office  of  Fusion  Energy  Science],  U.S.  Department  of  Energy  under  con¬ 
tracts  No.  DE-AC03-76SF00098  and  W-7405-ENG-48 . 
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V  x  B°  =  J°,  V  •  B°  =  0, 

V  x  E°  =  0,  V  •  E°  =  p°. 

The  second  order  terms: 

VxB‘=J1  +  ^)  V  •  B1  =  0 

VxE1^-^,  V  •  E1  =  p1. 

Notice  that  V  x  E°  =  0  such  that  which  appears  in  the 
second  order  terms  only  involves  only  the  longitudinal  dis¬ 
placement  current.  Therefore  the  following  system  yields 
the  same  terms  in  the  expansions: 


0-7 803-5573-3/99/$  1 0.00  @  1 999  IEEE. 
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-  An  equation  for  the  scalar  potential  <j>  where 
Ej i  =  — V</> 

-V20  =  p, 

-  A  system  for  the  magnetic  field  B 

VxVxB  =  Vx  J, 

V-B  =  0. 


A  second  order  approximate  model  (  E1  and  B1  are 
also  identical  to  those  in  Maxwell's  equations),  is  ob¬ 
tained  if  we  include  the  transverse  electric  field 


V  X  V  X  Ey  =  - 

V  •  Ej1  =  0. 


3VxB 
dt  ’ 


This  derivation  has  been  performed  in  more  detail  and  in  a 
mathematically  rigorous  manner  in  [3]. 

Instead  of  Maxwell's  equations,  which  are  hyperbolic, 
we  now  have  three  elliptic  equations.  Thus  the  Courant 
condition  on  stability  no  longer  constrains  the  timestep. 


1.4  The  time  differencing  instability 

In  Nielson  and  Lewis  [1]  and  Sonnendriicker,  Ambrosiano 
and  Brandon  [4],  it  is  shown  that  there  is  a  stability  condi¬ 
tion  for  the  numerical  time  differencing  of  the  source  term 
for  E t-  This  reads 


The  smallest  k  seen  by  a  mesh  is  n/L,  where  L  is  the 
length  of  the  computational  domain.  Practically  speaking, 
this  means  that  if  c/wp  >  L/-k  the  simulation  should  be 
stable.  Therefore  the  straightforward  time-differencing  can 
be  used  only  for  problems  of  length  at  most  of  the  order  of 
the  collisionless  skindepth.  This  condition  is  not  fulfilled 
in  most  plasma  problems  where  the  Darwin  model  might 
be  interesting  (see  [4]  for  a  discussion).  There  is  a  remedy 
to  this  instability,  but  it  involves  gathering  more  moments 
from  the  particles  and  solving  the  following  problem  in  di¬ 
mensionless  units 


pEr  +  V  x  V  x  Ex 

V  •  Er  =  0 


-  [  v{v.Vxf)  dv  +  pEL 
Ju 

+ J  x  B, 


which  is  numerically  costly  as  the  right-hand-side  of  the 
first  equation  is  not  divergence  free. 

However  certain  beam  simulations  which  involve  much 
lower  u!p  should  be  in  the  stable  regime  and  hence  make 
the  Darwin  model  numerically  a  lot  less  costly.  We  are 
studying  the  possibilities. 


SOLVER 


2.1  Introduction 

Up  to  now  space  charge  dominated  beam  simulations  have 
been  performed  most  of  the  time  using  Particle-In-Cell 
(PIC)  methods  such  as  those  in  WARP  [5],  which  afford 
satisfying  results  with  relatively  few  particles.  However,  it 
may  be  useful  to  have  an  alternative  numerical  approach 
in  order  to  be  able  to  separate  more  easily  numerical  and 
physical  features  in  the  simulation  results.  Therefore,  we 
have  adapted  the  semi-Lagrangian  Vlasov  method  [6]  to 
2D  slice  beam  simulations. 

2.2  The  semi-Lagrangian  scheme  for  2D  advec- 
tion 

The  semi-Lagrangian  method  consists  of  looking  for  the 
value  of  the  solution  /  at  a  set  of  mesh  points  by  walking 
down  the  characteristics  backward  in  time.  The  character¬ 
istics  are  the  solutions  of  the  differential  system 

dX  dY  . 

-fa  =  vd  X{x,y,  t),  —  =  vDj,(x,  y,  t). 

They  are  such  that  fif(X(t),  Y  ( t ),  t)  =  0,  i.e.  /  is  con¬ 
stant  along  the  characteristics. 

The  function  /  being  known  at  the  mesh  points  at  the 
previous  time  steps,  this  property  can  be  used  to  compute 
its  new  value.  More  precisely  for  a  mesh  point  (x*,  yf),  we 
have 

f(xi,yj,tn  + At)  =  f(X(tn  -  At;xi,yj,tn  +  At), 
Y ( tn  At j  xh  yj ,  tn  -(-  At),  tn  At), 

where  we  denote  by  (X(t\  x,  y,  s),  Y ( t ;  x,  y,  s))  the  value 
at  time  t  of  the  solution  whose  value  is  (x,  y)  at  time  s. 

Hence  the  algorithm  can  be  decomposed  in  two  steps:  1) 
Look  for  the  starting  point  of  the  characteristic  for  each 
mesh  point.  2)  Compute  /  at  the  starting  points  of  the 
characteristics.  This  interpolation  is  realised  using  a  tensor 
product  of  cubic  B-splines. 

2.3  The  electrostatic  case 

In  the  case  where  the  Vlasov  equation  is  coupled  to  a  Pois¬ 
son  equation  and  submitted  to  a  given  external  electric 
field,  it  can  be  split  into  two  2D  advections,  with  a  uniform 
advection  field. 

f +  v-VJ  =  0  and  |£  +  E(x,t)-V„/  =  0. 

The  “feet”  of  the  characteristics  are  known  explicitly.  The 
displacement  from  the  mesh  points  is  the  same  everywhere, 
namely  vAt  (or  EAt).  The  only  numerical  work  in  this 
case  is  to  interpolate  the  distribution  function  at  the  previ¬ 
ous  time  step  using  cubic  splines. 

In  the  case  of  hard-edged  quadruples  a  residence  cor¬ 
rection  needs  to  be  applied  to  get  the  correct  force.  This 
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enters  or  leaves  a  quadrupole  during  a  time  step  the  applied 
field  needs  to  be  multiplied  by  the  fraction  of  the  time  spent 
in  the  quadrupole.  More  precisely,  if  E app  is  the  quadru¬ 
pole  field  and  Af  i  is  the  time  span  spent  in  the  quadrupole, 
then  the  applied  field  for  this  time  step  needs  to  be 

Afi 

Af  app ' 

2.4  Parallelization  methodology 

Solving  a  four  dimensional  Vlasov  equation  is  obviously 
very  costly  in  time  and  memory.  Therefore  it  requires 
massively  parallel  computing  facilities. 

The  most  computationally  intensive  parts  of  the  al¬ 
gorithm  are  the  tridiagonal  solves  linked  to  the  spline  in¬ 
terpolation.  These  cannot  be  parallelized  individualy  with 
good  scalability.  For  this  reason  we  chose  ID  band  decom¬ 
positions  of  the  domain.  We  use  a  decomposition  in  bands 
parallel  to  the  x-axis  for  the  x-advection  and  a  decomposi¬ 
tion  in  bands  parallel  to  ux-axis  for  the  v-advection. 

2.5  Performance 

We  tabulate  below  the  performance  obtained  on  the 
NERSC  T3E  computer  “mcurie”  with  644  =  1.68  x  107 
grid  points,  1  lattice  period,  and  30  time  steps. 


PEs  time  (s) 

speed  up 

time/step/grid  point  (ns) 

4  326.36 

1 

648.22 

8  167.26 

1.95 

332.31 

16  88.28 

3.70 

175.39 

32  49.32 

6.62 

97.99 

2.6  Propagation  of  a  matched  beam  in  a  FODO 
channel 

We  compare  the  emittance  evolution  over  35  lattice  periods 
of  a  matched  beam.  Figure  1  gives  the  WARP  result  and 
Figure  2  gives  the  SLV  result  for  a  1284  grid. 

The  results  look  quite  comparable  over  this  lapse  of  time. 
However,  numerical  dissipation  is  a  serious  problem  in  the 
semi-Lagrangian  algorithm.  In  order  for  it  to  be  kept  small 
over  a  longer  period  of  time  the  beam  needs  to  be  covered 
by  a  sufficient  number  of  grid  points.  This  implies  the  use 
of  a  very  fine  grid  due  to  the  beam  oscillations  in  a  FODO 
channel  if  a  regular  grid  is  to  be  used.  More  advanced 
methods,  including  adaptive  grids,  may  prove  useful  in  this 
regard. 
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Figure  1 :  rms  emittance  from  WARP  calculation 


x-emittance  (rms)  (12849rid) 


0  5  10  15  20  25  30 


Figure  2:  rms  emittance  from  SLV  calculation 
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RELEASE  OF  MARYLIE  3.0* 
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1  INTRODUCTION 

The  latest  version  of  MaryLie  3.0  is  being  released  along 
with  a  750  page  User’s  Manual  [1].  MaryLie  3.0  is  a  3rd- 
order  charged-particle  beam  transport  code  that  exploits  the 
power  of  Lie-algebraic  map  methods  to  treat  the  full  6- 
dimensional  phase  including  all  possible  linear  and  nonlin¬ 
ear  transverse  and  longitudinal  couplings.  A  serial  version 
is  available  for  ordinary  computers,  and  a  parallel  version 
is  available  for  the  512  processor  CRAY.  A  Multi-Platform 
Graphic  User  Interface  version,  designed  to  facilitate  all 
operations  and  comparisons  between  various  codes,  is  also 
being  released  [2]. 

The  current  version  of  MaryLie  models  approximately 
30  different  kinds  of  beamline  elements.  In  addition  there 
are  about  40  simple  commands  and  another  40  advanced 
commands.  Many  of  these  commands  work  with  and  ex¬ 
ploit  the  maps  associated  with  the  various  beamline  ele¬ 
ments.  There  are  also  commands  for  input  and  output, 
the  production  of  various  kinds  of  plots,  and  the  produc¬ 
tion  of  geometrical  information  including  floor-plan  lay¬ 
out  drawings.  Finally,  there  are  approximately  20  proce¬ 
dures  and  fitting  and  optimization  commands  to  facilitate 
system  design.  All  together,  the  MaryLie  3.0  main  pro¬ 
gram  and  approximately  500  subroutines  comprise  approx¬ 
imately  37,000  lines  of  FORTRAN  77  code. 

MaryLie  can  be  used  to  generate  particle  distributions, 
including  linearly  and  nonlinearly  matched  distributions. 
These  distributions  can  then  be  tracked  using  element-by- 
element  maps,  lumped  maps,  or  full-turn  maps.  Maps  can 
also  be  applied  to  functions  and  moments. 

In  addition  to  fast  tracking  studies,  MaryLie  can  be 
used  to  design  and  analyze  lattices  for  both  single-pass  sys¬ 
tems  and  circulating  storage  rings.  Analysis  commands  in¬ 
clude  the  calculation  of  all  aberrations  through  third  order; 
tunes  and  anharmonicities  and  first  and  second-order  chro- 
maticities;  first,  second,  and  third-order  phase-slip  factors; 
first,  second,  and  third-order  dispersions  and  all  other  lin¬ 
ear  lattice  functions  and  their  energy  dependence  through 
second  order;  nonlinear  lattice  functions;  nonlinear  phase- 
space  distortion;  transfer  map  normal  forms;  nonlinear  res¬ 
onance  driving  terms;  nonlinear  invariants;  and  moment 
data  including  eigenemittances  and  all  moments  through 
4th  order. 

The  User’s  Manual  contains  numerous  examples  rang¬ 
ing  from  the  simple  to  the  complex  including  sextupole 
corrected  electron  microscopes  having  sub-Angstrom  res¬ 
olution,  3rd-order  achromats,  the  SLAC  Final  Focus  Test 
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DEFG02-96ER40946. 
t  dragt@physics.umd.edu 


Beam  facility,  and  the  Fermilab  Tevatron.  Figures  from 
some  of  these  examples  are  displayed  below. 

2  EXAMPLES 

Figure  1  shows  a  MaryLie  generated  ray  plot  for  a  simple 
quadrupole  spot-forming  system.  The  quadrupoles  occupy 
the  shaded  areas. 

Figure  2  shows  a  sextupole  corrected  electron  micro¬ 
scope,  and  figure  3  shows  the  focal  spot  pattern  for  this 
system. 

Figures  4  and  5  show  the  predicted  final  beam  spot  for 
the  SLAC  Final  Focus  Test  Beam  facility.  Three  different 
energies  are  displayed. 

Figures  6,  7,  and  8  show  Tevatron  tracking  data  when 
strong  distortion  sextupoles  are  powered. 

Figures  9  and  10  show  MaryLie  generated  graphic  data 
for  the  Los  Alamos  Proton  Storage  Ring. 
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Figure  1 :  Horizontal  plane  ray  plot  for  a  simple  quadrupole 
spot-forming  system. 
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Figure  3:  Focal  spot  pattern  for  sextupole  corrected  elec¬ 
tron  microscope. 


Figure  6:  Horizontal  projection  of  lump-by-lump  phase 
space  tracking  data  for  Tevatron  with  strong  distortion  sex- 
tupoles. 
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Abstract 

The  construction  of  modern  accelerators  is  usually  sup¬ 
ported  by  the  numerical  determination  of  eigenmodes  in 
the  accelerating  cavities.  Often  the  rotational  symmetry 
of  the  cavity  is  used  to  simplify  the  numerical  simulation. 
However,  in  cases  where  the  cavity  lacks  rotational  sym¬ 
metry  resp.  where  attached  components  like  couplers  have 
to  be  taken  into  account,  a  fully  three  dimensional  treat¬ 
ment  of  the  maxwell  equations  is  necessary.  This  requires 
more  computer  power  than  is  available  on  a  normal  high 
end  workstation.  Therefore,  in  the  present  approach  a  par¬ 
allel  SIMD  super  computer  (APE-100)  is  used  to  compute 
the  eigenmodes  of  accelerating  cavities.  As  an  example 
parts  of  the  superconducting  TESLA  structure  are  inves¬ 
tigated.  The  geometry  input  is  parsed  by  MAFIA  which 
transfers  the  resulting  system  matrix,  incorporating  geom¬ 
etry  and  material  information,  to  the  APE-100.  The  result 
of  the  diagonalization  procedure  is  then  read  back  to  the 
MAFIA  host  where  further  data  analysis  and  visualization 
can  be  done. 

1  INTRODUCTION 

The  construction  of  modern  accelerators  is  usually  sup¬ 
ported  by  the  numerical  determination  of  eigenmodes  in  the 
accelerating  cavities.  Often  the  rotational  symmetry  of  the 
cavity  is  used  to  simplify  the  numerical  simulation.  How¬ 
ever,  in  cases  where  the  cavity  plus  attached  rf-components 
lacks  rotational  symmetry  a  fully  three  dimensional  treat¬ 
ment  of  Maxwell’s  equations  is  necessary  which  requires 
more  computer  power  than  is  available  on  a  normal  high 
end  workstation.  In  addition  the  three  dimensional  ap¬ 
proach  allows  for  the  simulation  of  fabrication  errors  and 
surface  roughness  which  are  usually  not  considered  to  have 
rotational  symmetry. 

In  the  framework  of  the  Finite  Integration  Technique 
(FIT)  developed  by  Weiland  and  coworkers  [1]  Maxwell’s 
equations  in  integral  representation  are  transformed  to  a  set 
of  matrix  equations.  Using  rectangular  grids  the  discretiza¬ 
tion  volume  is  partitioned  in  two  sets  of  cells  which  can  be 
considered  dual.  In  the  case  of  determining  the  eigenmodes 
of  a  cavity  the  grid  voltages  along  neighboring  gridpoints 
are  the  degrees  of  freedom  of  the  resulting  eigenvalue  prob¬ 
lem.  The  system  matrix  connects  grid  voltages  of  a  sin¬ 
gle  cell  only  to  grid  voltages  of  adjacent  cells.  This  “next 
neighbor  connection’-property  makes  the  eigenvalue  prob¬ 
lem  especially  well  suited  to  be  solved  on  an  APE-100  su- 
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percomputer  for  this  type  of  computer  is  capable  of  a  very 
fast  data  exchange  between  neighboring  nodes. 

APE-100  supercomputers  are  mainly  used  in  QCD  the¬ 
ory  where  a  profound  experience  in  solving  eigenvalue 
problems  [2]  does  exist.  However,  the  parallel  structure  of 
the  computer  requires  the  use  of  special  programming  tools 
and  a  language  (TAO)  dedicated  to  the  computer  topol¬ 
ogy  which  is  inefficient  in  programming  advanced  file  10, 
string  evaluation  and  in  managing  pointers. 


Figure  1 :  Schematic  view  of  the  MAXQ  software  interface 

The  parsing  of  the  geometry  input,  which  is  mainly  a 
linear  task,  is  left  to  MAFIA  which  is  running  on  a  usual 
workstation.  The  resulting  system  matrix  incorporating  ge¬ 
ometry  and  material  information  is  transfered  to  the  APE- 
100  by  means  of  the  MAFIA  toolkit  (MTK).  Then,  on  the 
APE-100  supercomputer  the  numerical  expensive  task  of 
finding  the  lowest  eigenvalues  and  corresponding  eigenvec¬ 
tors  of  a  large  sparse  matrix  is  performed.  The  result  of  the 
diagonalization  procedure  is  then  read  back  to  the  MAFIA 
host  where  further  data  analysis  and  visualization  can  be 
done. 

The  approach  has  been  tested  first  for  simple  geometries 
such  as  sphere  and  brick  in  a  box  which  allows  for  com¬ 
parison  with  analytically  known  results.  Next,  parts  of  the 
TESLA  superstructure  were  studied  for  a  timing  compari¬ 
son  between  APE-100  and  a  HP  735. 

2  FINITE  INTEGRATION  TECHNIQUE 
AND  THE  APE-100  TOPOLOGY 

The  Finite  Integration  Technique  is  based  on  a  discretiza¬ 
tion  of  Maxwell’s  equations  using  a  set  of  two  rectangu¬ 
lar  grids  which  can  be  considered  dual  to  each  other  [1], 
The  integral  representation  of  Maxwell’s  equations  is  trans¬ 
ferred  to  a  discrete  version  by  specifying  the  integration 
paths  as  to  be  along  the  edges  of  the  discretization  cell.  For 
the  case  of  area  integrals  the  6  bordering  rectangles  of  the 
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cell  are  chosen  as  the  integration  area.  The  degrees  of  free¬ 
dom  in  the  discretized  version  of  Maxwell’s  equations  are 
not  the  fields  themselves,  but  the  grid  voltage  along  neigh¬ 
boring  grid  points  or  the  flux  over  a  cell  surface  for  exam¬ 
ple.  Therefore  the  discretized  Maxwell’s  equations  remain 
mathematically  equivalent  to  the  continuous  case.  There  is 
no  discretization  error  and  the  discretized  Maxwell’s  equa¬ 
tions  exactly  obey  the  conservation  law  for  charge  and  cur¬ 
rent  density. 

Starting  point  for  the  calculation  of  eigenmodes  in  su¬ 
perconducting  cavities  is  the  matrix  equation 

[d^^CDCD”1/2  -  Z>x/25tSZ>1/2}  u  =  w2u,  (1) 

where  the  matrices  D,  C  and  S  contain  material  and 
mesh  information  and  represent  the  curlcurl  —  graddiv  = 
—V2  operator,  u  denotes  the  vector  of  all  grid  voltages 
and  u>  is  the  frequency  of  the  wanted  eigenmode.  In  the 
case  of  homogeneous  material  distribution  Eq.  1  is  known 
as  Helmholtz’s  equation. 

An  important  feature  of  the  matrix  equations  is  its  local¬ 
ity.  Actually  this  is  due  to  the  fact  that  the  chosen  integra¬ 
tion  space  is  restricted  to  the  neighboring  cells  of  the  se¬ 
lected  degree  of  freedom.  As  a  consequence  the  resulting 
system  matrix  of  which  the  eigensystem  has  to  be  deter¬ 
mined  is  sparse  with  a  priori  known  pattern  of  entries.  A 
detailed  treatment  of  the  theory  yields  that  13  elements  of 
the  system  matrix  are  non  zero  for  each  degree  of  freedom. 
These  elements  connect  to  degrees  of  freedom  belonging 
to  neighboring  cells. 


Figure  2:  Topology  scheme  of  the  APE-100:  Each  node 
can  access  the  memory  of  its  six  neighbors  without  latency. 
The  whole  cube  is  subjected  to  periodic  boundary  condi¬ 
tions  along  x-,y-  and  z-direction  resulting  in  a  hyper  torus. 
On  each  node  resides  the  same  amount  of  grid  points  and 
the  associated  parts  of  the  system  matrix  (see  Eq.  1)  and  the 
vector  of  the  grid  voltages  u. 

The  cells  of  the  discretization  volume  are  distributed  to 
the  nodes  so  that  each  processor  is  responsible  for  its  own 


segment  of  real  space.  Then  the  matrix-vector  multiplica¬ 
tion  is  mainly  a  local  operation  on  each  node.  Only  in  cases 
where  the  cell  lies  on  the  segment  boundary  data  exchange 
with  neighboring  nodes  will  occur.  The  APE-100  is  per¬ 
fectly  suited  to  such  a  situation  because  the  SIMD  character 
of  the  supercomputer  accounts  for  a  very  fast  data  transfer 
with  neighboring  nodes  without  latency. 

3  RESULTS 

The  efficiency  of  the  proposed  procedure  definitely  de¬ 
pends  on  the  chosen  eigenvalue  algorithm.  At  the  moment 
only  a  simple  variant  of  a  polynomial  iteration  algortihm 
is  installed.  It  searches  for  the  lowest  eigenvalue  in  the 
subspace  orthogonal  to  all  eigenvectors  already  found.  No 
convergence  checking  has  been  installed,  the  interation  is 
simply  performed  5000  times.  In  examples  this  number 
has  been  found  sufficiently  high  to  give  precise  results. 

The  application  of  more  sophisticated  algorithms  is  in 
progress.  An  accelerated  conjugate-gradient  algorithm  for 
the  computation  of  the  lowest  eigenvalues  is  known  from 
Lattice-QCD  and  tested  on  the  APE-1 00[2],  Another  can¬ 
didate  is  the  Jacobi-Davidson  algorithm. 


Figure  3:  Scetch  of  the  part  of  the  TESLA  structure  under 
consideration:  Three  half  cells  and  a  HOM-coupler. 

As  realistic  example  a  part  of  the  TESLA  superstructure 
consisting  of  3  half  cells  and  the  beam  pipe  was  discretized 
on  a  mesh  of  400000  grid  points.  The  first  10  eigenvalues 
were  searched  for  on  a  HP  735  in  a  regular  MAFIA  ses¬ 
sion  and  on  the  QH4  (512  nodes)  running  MAXQ.  Even 
with  the  simple  eigenvalue  algorithm  the  APE- 100  com¬ 
puted  the  eigenvalues  within  only  15  minutes  whereas  the 
HP  735  needed  about  three  hours  for  the  same  task.  The 
speed-up  will  be  surely  increased  by  the  use  of  better  eigen¬ 
value  algorithms. 

Another  important  influence  on  the  efficiency  comes 
from  the  code  performance  of  the  matrix  by  vector  mul¬ 
tiplication  which  is  the  heart  of  every  iterative  eigenvalue 
algorithm  for  sparse  matrices.  Measurements  show  a  range 
from  10  to  20  %  of  the  peak  performance  depending  on  the 
number  of  grid  points  per  node.  Usually,  as  the  number 
of  grid  points  increases  the  performance  ratio  rises.  This 
gives  a  total  computer  power  of  about  2.5  to  5  GFlops  on 
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the  QH4. 

The  total  number  of  grid  points  which  can  be  used  in 
the  discretization  is  restricted  due  to  memory  limitations. 
Furthermore  the  used  eigensolver  needs  additional  memory 
for  every  eigenvector  to  be  found.  The  memory  needed  per 
gridpoint  is  52  octets  for  the  system  matrix  and  12  octets 
for  every  eigenvector.  This  leads  to 

Mtotai  —  12  *  N  *  (n  +  5)  octets  (2) 

for  an  expression  for  the  total  memory  used.  N  is  the  num¬ 
ber  of  gridpoints  and  n  denotes  the  number  of  eigenvectors 
to  be  found. 

On  the  QH2  (8x8x4)  with  16  MB  per  node  (2)  results  in: 


Number  of  eigenvectors 

Available  gridpoints 

1 

60.000.000 

2 

51.000.000 

5 

36.000.000 

10 

24.000.000 

100 

3.400.000 

Investigations  considering  the  role  of  the  single  precision 
floating  point  arithmetic  of  the  APE-100  are  still  necessary. 
The  scalar  products  are  reported  to  be  sensitive  to  the  sin¬ 
gle  precision  /  double  precision  problematics.  Therefore 
the  scalar  products  are  coded  using  a  software  emulation  of 
double  precision  arithmetics.  The  same  procedure  has  al¬ 
ready  been  applied  in  the  original  MAFIA  package  to  save 
memory  and  keep  rounding  errors  at  a  minimum. 

4  CONCLUSIONS 

The  calculation  of  eigenmodes  on  a  three-dimensional  ba¬ 
sis  is  crucial  for  the  simulation  of  accelerating  cavities. 
Only  a  fully  three-dimensional  treatment  of  Maxwell’s 
equations  can  account  for  effects  connected  to  fabrication 
errors  and  surface  roughness  and  most  important  to  effects 
which  arise  from  devices  such  as  input  couplers  or  HOM- 
couplers.  These  coupling  devices  inevitably  break  the  rota¬ 
tional  symmetry  of  the  cavity  and  cannot  be  neglected  for 
the  determination  of  eigenmodes  of  the  cavity.  However, 
the  lack  of  computional  power  on  high  end  workstations 
normally  avoids  the  inclusion  of  the  three-dimensional  ef¬ 
fects  described  above.  Therefore  in  the  present  paper  an 
approach  to  a  supercomputer  solution  of  the  eigenmode 
problem  of  superconducting  cavities  has  been  made.  The 
reached  speed-up  by  using  the  APE- 100  is  at  the  moment 
at  a  factor  of  about  1 2,  but  it  is  promising  that  the  imple¬ 
mentation  of  better  eigenvalue  algorithms  will  increase  the 
efficiency  by  another  factor  in  the  range  between  3  to  10. 

Not  only  the  computation  time  for  moderate  problems  is 
dramatically  decreased,  moreover  the  recent  approach  now 
opens  the  possibility  to  model  large  scale  problems  of  sev¬ 
eral  106  grid  points. 
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IMPROVEMENTS  IN  GDFIDL 


W.  Bruns* ,  Technische  Universitat  Berlin,  EN-2,  Berlin,  Germany 


Abstract 

The  finite  difference  code  GdfidL  computes  3D  electro¬ 
magnetic  fields.  It  has  been  rewritten  to  implement  bet¬ 
ter  material  dicretization  with  generalized  diagonal  fillings, 
modem  absorbing  boundary  conditions  in  time  domain  and 
periodic  boundary  conditions  in  x-  y-  and  z-direction  when 
computing  eigenvalues.  The  generalized  diagonal  material 
fillings  reduce  the  frequency  error  caused  by  the  boundary 
approximation  by  a  factor  of  10.  The  modern  absorbing 
boundary  conditions  work  for  arbitrarily  large  port  dimen¬ 
sions  without  the  need  to  consider  any  portmodes. 


1  GENERALIZED  DIAGONAL  FILLINGS 

Material-fillings  are  parameters  of  the  differential  equa¬ 
tions  or,  when  perfect  electric  or  magnetic  materials  are 
present,  they  are  boundary  conditions  for  the  differential 
equations.  The  approximation  of  the  material  fillings  of¬ 
ten  deteriorates  the  quality  of  the  solution  more  than  the 
approximation  of  the  differential  equation  itself.  The  sim¬ 
plest  material  approximation  is  the  assumption  of  a  homo¬ 
geneous  filling  inside  every  single  cell.  This  is  the  “stair¬ 
case”  approximation.  The  approximation  with  triangular 
prismatic  cells  allows  that  there  are  two  different  materials 
in  each  cell.  This  approximation  is  in  wide  use  and  gives 
good  results  for  geometries  that  are  essentially  cylindric. 
For  boundaries  with  general  curvature,  the  approximation 
with  prismatic  cells  gives  results  only  slightly  better  than  a 
staircase  approximation. 

Fortunately,  the  filling  with  prismatic  cells  can  be  gen¬ 
eralized.  Since  the  finite  difference  coefficients  for  a  field 
component  depend  only  on  the  material  in  the  immediate 
vicinity  of  the  edge  where  the  component  is  defined  on,  one 
can  work  easily  with  a  mesh-filling  that  is  constructed  by  a 
boolean  combination  of  prismatic  fillings.  Figure  1  shows 
some  of  the  possible  discretized  material  distributions.  A 
similiar  mesh  filling  is  mentioned  in  [1],  Figure  2  shows  an 
example  of  the  quality  of  the  material  approximation. 

In  order  to  show  the  effect  of  the  generalized  filling, 
figure  3  shows  the  computed  resonance  frequency  of  the 
fundamental  mode  in  a  sphere  as  a  function  of  the  mesh¬ 
spacing.  For  comparison,  the  results  for  prismatic  filling 
and  the  optimal  quadratic  behaviour  is  plotted  also.  The 
error  with  the  improved  filling  is  about  as  low  as  the  opti¬ 
mal  quadratic  behaviour.  If  the  boundary  conditions,  ie.  the 
materials  would  have  been  discretized  perfectly,  the  result 
would  not  be  much  better. 


*  bruns@tetibm2.ee.TU-Berlin.DE 


Figure  1 :  Some  examples  of  the  possible  inhomogeneous 
fillings  of  a  cell.  Upper  left:  a  prism.  Lower  left:  Inter¬ 
section  of  two  prisms.  Upper  right:  Intersection  of  three 
prisms.  Lower  right:  Union  of  “upper  left”  and  “lower 
left”.  The  prism  in  the  upper  left  can  be  oriented  in  2  x 
3  different  kinds  in  a  cell,  the  other  three  material  fillings 
are  possible  in  4  x  3  x  2  different  orientations. 


Figure  2:  Detail  of  the  “nose”  of  a  reentrant  cavity,  dis¬ 
cretized  with  the  generalized  diagonal  fillings. 


Figure  3:  Error  in  the  computed  frequency  of  the  lowest 
mode  in  a  sphere  as  a  function  of  gridplanes  /  radius. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2767 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


2  PERIODIC  BOUNDARY  CONDITIONS 

GdfidL’s  resonant  solver  allows  periodic  boundary  condi¬ 
tions  in  all  three  cartesian  directions  simultaneously. 

To  demonstrate  the  capability,  the  periodic  boundary 
conditions  are  applied  to  compute  the  dispersion  relation 
in  a  crystal  made  of  an  rectangular  array  of  conducting 
spheres  connected  by  round  rods.  Figure  4  shows  an  el¬ 
emental  cell  of  this  array.  Figure  5  shows  the  computed 
frequencies  as  a  function  of  the  wave- vector  k. 


Figure  4:  The  elemental  cell  of  a  3D  array  of  perfect  con¬ 
ducting  spheres,  connected  by  round  conducting  rods.  The 
lattice  constant  a  is  the  same  in  all  three  directions,  the 
radius  of  the  spheres  is  0.375  a,  the  radius  of  the  rods  is 
a/10.  The  spheres  are  located  at  ( x,y,z )  =  ( la,ma,na ), 

(Z,  m,  n  € - 2,  —1, 0, 1, 2, 3  -  -  ■).  The  shown  field  is  the 

real  part  of  the  fundamental  mode  with  k  =  (1, 1,1)^. 


(kz  =  0)  ( kz  =  0)  (ky  =  jr/a) 

Figure  5:  The  band  structure  for  the  first  few  modes  in  the 
3D  array. 


3  PML’S  AS  ABSORBING  BOUNDARY 
CONDITIONS 

GdfidL’s  time  domain  solver  uses  Berenger’s  “Perfectly 
Matched  Layer”  (PML)  [2]  to  implement  its  aborbing 
boundary  conditions  (ABC’s).  The  previous  GdfidL  [3] 
used  an  expansion  in  orthogonal  port  modes  to  implement 
its  ABC’s. 

Compared  with  the  expansion  in  orthogonal  functions, 
PML’s  have  two  major  advantages:  1.)  Even  for  extremely 
large  waveguides,  one  has  negligible  reflection  for  all  fields 
without  having  to  compute  with  a  large  number  of  port- 
modes.  2.)  It  is  possible  to  have  excellent  broadband  ab¬ 
sorbing  boundary  conditions  also  for  waveguides  that  are 
inhomogeneously  filled  with  dielectrics. 

Figure  6  shows  such  a  geometry  with  large  absorbing 
planes,  inhomogeneously  filled  with  dielectrics. 


Figure  6:  A  coax  to  microstrip  transition.  The  mi¬ 
crostripline  as  a  waveguide  with  an  inhomogeneous  dielec¬ 
tric  is  matched  with  an  inhomogeneous  PML. 

4  CONCLUSION 

An  improved  mesh  filling  has  been  implemented  that  re¬ 
duces  the  frequency  error  by  a  factor  of  ten  as  compared  to 
a  prismatic  filling. 

Periodic  boundary  conditions  are  available  for  all  three 
cartesian  directions  simultaneously. 

PML’s  as  absorbing  boundary  conditions  allow  inhomo¬ 
geneously  filled  ports  in  broadband  s-parameter  computa¬ 
tions. 
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BEAM  DYNAMIC  ASPECTS  OF  THE  TESLA  POWER  COUPLER 

M.  Zhang  and  Ch.  Tang* 

CST  GmbH,  LauteschlagerstraBe  38,  64289  Darmstadt,  Germany 


Abstract 

We  studied  the  beam  dynamic  behavior  of  the  RF  power 
coupler  of  the  TESLA  superconducting  cavities.  It  is  found 
that  the  transverse  RF  kick  is  not  negligible.  A  transverse 
beam  wandering  of  1  to  2  mm  was  predicted  and  subse¬ 
quently  observed  on  the  TESLA  Test  Facility.  Two  propos¬ 
als  are  presented  to  reduce  the  kicks. 

1  INTRODUCTION 

TESLA  is  a  superconducting  RF  based  large  linear  collider 
project  [1],  Its  9  cell  superconducting  cavity  operating  at 
L-band  is  fed  by  a  coaxial  coupler  [2].  Due  to  its  non- 
symmetrical  layout,  a  transverse  kick  caused  by  electro¬ 
magnetic  fields  is  clearly  inevitable.  In  order  to  address  this 
issue,  we  conducted  an  intensive  and  systematic  investiga¬ 
tion  into  the  complete  dynamic  process  involving  power 
feeding,  bunch  injection,  kick  accumulation,  and  emittance 
growth  by  means  of  both  numerical  and  analytical  methods. 

The  analytical  and  numerical  results  show  a  good  agree¬ 
ment  with  each  other,  which  are  confirmed  by  the  experi¬ 
ment.  The  transverse  RF  kick  of  the  coupler  is  more  than 
120  times  as  strong  as  that  of  transverse  wake  fields  of  a 
TESLA  9  cell  cavity  by  a  1  mm  (az)  1  nC  bunch  at  1  mm 
off-axis.  The  time  variation  of  the  kicks  is  directly  respon¬ 
sible  for  the  emittance  growth,  which  is  as  high  as  27%. 
The  transverse  offset  at  the  exit  of  the  first  TESLA  acceler¬ 
ating  module  in  the  TESLA  Test  Facility  (TTF)  is  found  to 
be  1  ~  2  mm  at  E0  =15  MeV  and  Eacc  =15  MV/m. 

With  a  view  to  reducing  the  transverse  kicks,  two  propos¬ 
als  are  presented.  One  is  by  adopting  alternating  coupler 
arrangement;  The  other  by  symmetrical  coupler.  Both  RF 
kicks  and  emittance  dilution  can  be  reduced  dramatically. 

2  SIMULATION  APPROACH 

The  simulation  is  carried  with  MAFIA  [3]  in  two  steps:  T3 
for  field  and  TS3  for  beam  simulations. 

2.1  Field  Simulation 

The  geometry  is  shown  in  Fig.  1.  RF  power  is  fed  at  the 
outer  terminal  at  x  =  xmax.  The  two  lowest  cavity  modes 
are  E01-0  and  E01-7T. 

2.1.1  Field  Ratio 

Table  1  lists  Ex,  cBy,  and  Ez  at  different  Qi  values  at  1 
W  input  power.  With  this  table,  we  derive  the  following 

*  Accelerator  Laboratory,  Department  of  Engineering  Physics,  Ts- 
inghua  University,  Beijing,  China,  100084 


D=6 


Figure  1 :  Geometry  for  time-domain  simulations.  At  the 
three  marked  points,  Ex,  By,  and  Ez  are  monitored. 


Table  1 :  Amplitudes  of  Ex,  cBy ,  and  Ez 


Qi 

Ex  (V/m) 

cBy  (V/m) 

Ez  (V/m) 

1000 

110 

13.5 

400 

2000 

110 

15.0 

800 

4000 

110 

16.5 

1600 

6100 

110 

24.0 

2700 

relations: 


E, 

E 


0.075(2f  JL).  (i) 


With  the  above,  we  can  obtain  coupler  fields  at  any  Qi  by 
extrapolation,  thanks  to  the  linear  scaling  law. 


2.1.2  Spatial  and  Temporal  Dependence 

The  spatial  field  distributions  along  the  beam  axis  are 
shown  in  Fig.  2.  As  an  approximation,  we  use  following 
functions  for  the  spatial  dependence  of  Ex  and  By  near  the 
coupler, 


Figure  2:  Spatial  dependence  of  Ex  and  By 


Ex(z)  =  | 

r  Ex  cos  jj{z  -  zc) 

\z  -  *e|  <  f 

{  o 

otherwise, 

By(z)  =  j 

(  By  sin  jj{z  —  zc) 

| z  -  zc\  <  D 

l  o 

otherwise. 

(2) 

(3) 
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Figure  3  shows  Ex  and  By  phase  distributions  along  axis 
at  different  Qi  s.  For  low  Qs,  <f>E,i  =  —  f  and  <j>B,i  =  vr; 


Q=1000  Q=2000  Q=4000  Q=6000 


time  At  z's  from  coupler 

to  first  cell  iris 


Figure  3:  Temporal  dependence  of  Ex  (top)  and  By  (bot¬ 
tom)  with  respect  to  Ez .  Each  plot  has  8  curves  which  are 
monitored  at  8  points  along  axis  from  z=-9.5  to  -2.5  cm. 


z  (cm)  t  (ns) 


Figure  4:  Kick  simulation  results.  Top  row:  +z  beam  direc¬ 
tion;  Bottom:  -z  beam. 


While  for  high  Qs,  (j)E,h  =  — tt  and  <f>B,h  =  f  • 

A  complete  set  of  expressions  for  Ex  and  By  near  the 
coupler  can  be  written  as  follows: 

A  7T 

Ex(z,  t )  =  Ex  cos  —  (z  -  zc)  cos (cat  +  (j)0  +  <j>s) 

\z  -  zd  <  y ,  (4) 

^  7 r 

By(z,t)  =  By  sin  —  (z  -  zc)  cos (ut  +  <p0  +  (j>B) 

\z  ~  Zc  I  <  D,  (5) 

where  (j> o  is  injection  phase.  Ex  and  By  are  given  by  Eq.  1. 

2.2  Kick  Simulation 

A  full  3D  geometry  is  used  for  kick  simulations.  Qi  is 
6000.  RF  power  of  1  MW  is  fed  at  t=0.  A  1  nC  5MeV 
bunch  of  length  20  ps  is  injected  at  t=200  ns  from  either 
side  of  the  cavity  with  <fio  =  —45.6°  off-crest.  The  results 
are  presented  in  Fig.  4.  The  beam  divergences  for  both  di¬ 
rections  are 

*+«,«■  um  =  2-9  x  !0-4  and  X-z,num  =  5-8  X  10“4.  (6) 


3  ANALYTICAL  FORMULATION 

With  the  above  derived  equations,  we  obtain 

_  gasEzd  f 

N  i-(f)2 

3  % 

c°s(7r— )  COS(27Ty  +  (j)0  +  <1>e)  + 

3d  z  1 

sa^  sin (7T-)  sin (27r-^  +  0o  +  0b)  •  (7) 
A  A 

For  -z  beam  direction,  change  A  to  —A,  s  from  1  to  —  1, 
and  <j> o  to  <j>o  +  tt. 


By  inserting  the  parameters  used  in  Section  2.2  into 
Eq.  7,  Ex  =  1.12  x  105,aB  =  ^  =0.112,  we  get 

x'+z,ana  =  2-6  x  10“4  and  x_ZAna  =  6.1  x  10-4.  (8) 

Comparing  with  the  numerical  results  (Eq.  6),  we  find  they 
agree  within  10%.  This  nice  agreement  provides  a  solid 
basis  for  an  extrapolation  to  high  Q  cases. 

The  RF  kick  for  an  actual  TESLA  cavity  is  estimated  as 
follows.  Given  Qi  =  5  x  10 6,EZ  =  30  MV/m,  <t>0  = 
-15 °,d  —  4  cm,  A  =  23  cm,  zc  =  -10.1  cm,  we  get 
(Beam  goes  in  -z) 

Px  =  2.9  x  cos(27r^  +  ^0)  (keV/c)  (9) 

A 

=  2.9  x  cos(27r— ^  +  tt  +  ^0)  =  2.3  (keV/c). 

This  value  is  more  than  120  times  stronger  than  transverse 
kick  factor  kfcel1,  which  is  18  V/nC/mm  for  a  1mm  (oz) 
1  nC  bunch  [4],  Another  equivalence  can  be  made  to  the 
wake  field  kick  ( k$plr )  of  the  coupler  itself.  Simulation 

shows  klplr  =  for  a  1  mm  oz  bunch,  i.e.  kcplr  =  3.4 
V/nC  (on-axis).  To  reach  the  2.3  keV/c  RF  kick,  the  bunch 
charge  should  be  as  high  as  676  nC! 

Relative  emittance  growth  can  be  estimated  with 


=  (1  +  a2) 


do  x  ^  do  px 
Ox  Opx 


doxpx  \ 

°xPx  ) 


Assume  that  the  coupler  kick  is  instantaneous,  then 
dax  =  0.  If  the  bunch  comes  into  the  coupler  fields  with 
a  =  0,  Eq.10  can  be  simplified  to 


dtrijX 
^n, x 


dcrpx 


dPx 

with  doPx  =  — —oz 
dcpo 


(ID 


where  oz  is  rms  bunch  length.  With  Eq.  9,  we  get  = 
1.74  (keV/c).  At  the  entrance  of  the  first  cryomodule, 
oz  =1  mm,  so  dopx  =  47  eV/c,  i.e.  da^p^  =  9.2  x  10~5. 
Assume  en}X  =  0.67T  mm-mrad  and  ox  =  0.2  mm  (TTF 
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RF  Coupler  Kick  Px  on  -z  Beam 


Figure  5:  Px(4>o,Qi)-  At  certain  Qi,  Px  may  vanish. 

FEL  0.5  nC  optimized  case  [5]),  it  yields  <T(7/3a.)  =  3  x 
10“3.  And  finally,  we  have 

=  _  dfhM  =  9  2  x  10~5  w  3%  (12) 

^ n,x  o Px  ^(yPx)  ^  ^  ^ 

For  the  cryomodule  of  eight  couplers,  there  will  be  as  high 
as  27%  emittance  growth.  For  FEL  operation,  this  number 
is  obviously  not  small.  Px  shows  a  strong  dependence  on 
<j)0  and  Qi  (Fig.  5). 

4  ESTIMATION  OF  RF  DISPLACEMENT  IN  THE 
FIRST  TTF  CRYOMODULE 

The  TESLA  accelerating  module  (cryomodule.  Fig.  6)  is 
composed  of  eight  cavities,  each  of  which  has  an  RF  power 
coupler.  The  couplers  are  mounted  at  the  downstream  end 
of  the  cavities.  We  traced  a  single  particle  through  the 

8  x  RF  couplers 


Figure  6:  Top:  Original  TESLA  cryomodule;  Bottom:  Al¬ 
ternating  RF  coupler  placement  -  A  proposal  that  reduces 
beam  displacement  by  a  factor  of  5.3. 

structure  with  lumped  transverse  kicks  from  the  couplers. 
The  accumulated  offset  Ax  is  1  ~  2  mm.  It  has  a  strong 
dependence  on  <f>0  and  Qi.  Since  the  absolute  value  of  RF 
kicks  is  independent  of  initial  beam  energy,  it  is  therefore 
more  harmful  at  low  beam  energies.  The  displacement  was 
confirmed  by  measurement  [6]. 

5  SYMMETRICAL  RF  POWER  COUPLER  AND 
SUPERSTRUCTURE 

The  RF  kick  comes  from  non-symmetrical  stationary  field 
pattern  near  coupler.  A  natural  solution  is  to  use  a  symmet¬ 
rical  coupler.  With  particle  simulations,  emittance  growth 
can  be  reduced  by  17%.  We  propose  to  use  such  symmet¬ 
rical  coupler  to  feed  two  superstructures  [7]  in  the  middle, 


...01  oi  oi  oi  01  01  01  01... 

Symmetrical  coaxial 

RF  Coupler  2MW@25MV/m  Cryostat 

xi 

- tU  L - 

(2n+1 )  x  X/2  9  =  (2m+p/4)  x  W2,  jt-pic/4  mode 
n=integer  with  p=  0,1, 2,3,4,  mdnteger 

Figure  7:  Superstructure  proposal  for  TESLA.  The  sym¬ 
metrical  coupler  ought  to  provide  a  2  MW  RF  power,  1 
MW  for  4  cavities  at  10  mA  beam  current  [8],  Mode  ”a-b” 
is  defined  as  (cell-to-cell)-(cavity-to-cavity)  phase  advance. 

so  called  superstructure  (Fig.  7).  Effective  accelerating 
length  of  a  superstructure  is  13%  higher  than  that  of  the 
original  structure.  Given  n=l,  p= 0,  and  m=l,  the  net  geo¬ 
metrical  length  of  a  superstructure  is  8x8=64  cells;  Accel¬ 
erating  length  is  8x7=56  cells.  For  the  original  structure, 
they  are  8x12-3=93  cells  and  8x9=72  cells,  respectively. 
The  gain  ratio  is  then 

superstructure 

ii^TislAi=11!i  (,3) 

6  CONCLUSIONS 

We  made  a  systematic  investigation  of  transverse  kicks  on 
beams  by  the  TESLA  RF  power  coupler.  The  analytical  and 
numerical  results  agree  quite  well  with  each  other.  The  the¬ 
oretical  prediction  was  confirmed  by  the  experiment.  The 
accumulated  beam  displacement  in  the  TTF  cryomodule  is 
1  ~  2  mm.  Emittance  growth  is  found  to  be  as  high  as 
27%.  The  proposed  superstructure  can  not  only  exploit 
the  effective  accelerating  length  of  TESLA,  but  also  dra¬ 
matically  reduce  the  RF  kicks. 
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Abstract 

The  pulsed  output  of  an  850-MHz  klystron  was  directed 
into  a  load  assembly  containing  a  water-cooled,  50-ohm 
resistor.  The  load  was  systematically  subjected  to  high 
peak-power  pulses  from  the  klystron.  Several  thin-film 
resistors  were  tested  and  exhibited  various  damage 
patterns  for  different  combinations  of  peak  microwave 
power  (33  kW  -  500  kW)  and  heat  input.  In  order  to  better 
understand  the  phenomena  observed,  the  electromagnetic 
field  distribution  inside  the  resistor  housing  was  studied 
with  WaveSim,  a  two-dimensional,  finite-element 
scattering  code.  The  conformal  mesh  of  the  program 
allowed  accurate  representations  of  the  complex  assembly 
geometry. 

1  INTRODUCTION 

The  Low  Energy  Demonstration  Accelerator  (LEDA), 
currently  in  the  construction  stage  at  the  Los  Alamos 
National  Laboratory  (LANL),  will  provide  design 
confirmation  and  operational  experience  toward 
accelerator  production  of  nuclear  isotopes  for  defense  and 
medical  applications.  Throughout  the  LEDA  beam 
acceleration  process,  RF  fields  are  established  in  the 
accelerating  cavities  using  a  large  number  of  klystrons  as 
compact,  high-power-microwave  sources.  For  this  reason, 
a  large  number  of  microwave  power-dissipating  loads  is 
also  required. 

LEDA  utilizes  200-kW  water  loads  containing  thin-film 
resistors  manufactured  by  Altronics  Research,  Inc.  (ARI) 
through  a  proprietary  process.  Due  to  the  initial  rate  of 
failure  for  these  resistors,  a  study  was  initiated  to  test  25- 
kW  water  loads  of  identical  design  at  various  power 
ratings  and  levels  of  dissipation,  to  be  supplied  by  ARI. 
An  extensive  information  database  has  been  created  as  the 
basis  for  future  design  improvements.  These  tests  were 
performed  at  the  University  of  New  Mexico  (UNM)  using 
an  850-MHz  klystron  test  stand. 

2  EXPERIMENTAL  LAYOUT 

The  UNM  klystron  uses  a  modulated  anode  to  generate 
pulsed  microwave  bursts  up  to  2-ms  long  at  a  frequency  of 
850-MHz.  The  klystron  amplifier  produces  a  gain  of  55.4 
dB  and  a  peak  output  power  of  1.26  MW[1]. 


'Work  supported  by  the  U.  S.  Department  of  Energy  under  Contract  No. 
DE-FG04-97 AL77993 . 
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The  amplified  signal  is  extracted  and  fed  to  a  test  stand  or 
an  antenna  using  a  waveguide  equipped  with  an  RF 
isolator  to  prevent  reflected  signals  from  damaging  the 
klystron  tube.  For  these  experiments,  the  test  stand 
consisted  of  a  thin-film  resistor  and  its  housing  (see 
Fig.  1),  and  was  connected  to  the  waveguide  as  a 
matching  load. 


Figure  1:  Photograph  of  the  type  9725  resistive-load 
assembly  for  850-MHz. 

2.1  Resistor  Design 

The  type  9725  resistor  utilizes  the  same  substrate  and 
resistive  film  as  the  LEDA  (type  57200)  resistors,  at 
approximately  l/lO1*1  physical  scale.  The  cylindrical 
resistor  substrate  is  composed  of  ground  96%  aluminum 
oxide  (cermet)  and  overcoated  with  bismuth  rutinate,  a 
metallic  oxide.  There  is  a  single  resistive  layer  (0.001  in 
thick)  deposited  on  the  cermet  which  is  mechanically  and 
chemically  bonded  through  the  fabrication  process.  The 
oxide  is  overcoated  with  glass  and  processed  in  air  at 
850°C.  The  glass  coating  was  added  to  protect  the  film 
agai  n  st  water  erosion . 

Although  the  resistive  film  is  deposited  only  on  the 
outside  surface,  the  tubular  substrate  is  hollow  in  order  to 
allow  coolant  (distilled  water)  to  flow  through  the  inside 
of  the  element  as  well  as  the  outside. 


0-7803-5573-3/99/$  1 0.00  @  1 999  IEEE. 
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Loading  on  the  57200  resistor  (2.0x34  in)  is  about 
99  W/in2  based  on  a  film  surface  of  202  in2.  In  order  to 
obtain  a  comparable  film  loading,  the  9725  resistor 
(1.1x10  in),  which  has  a  total  film  surface  area  of  80  in2, 
was  initially  powered  at  30-33  kW.  There  is  a  physical 
difference  in  the  resistor  enclosures,  which  may  not  allow 
exact  scaling  for  best  possible  data.  This  issue  was 
addressed  with  the  electromagnetic  field  distribution 
modeling  performed  using  WaveSim. 

2.2  Failure  mechanisms 

Two  distinct  mechanisms  appear  to  be  involved  in 
observed  film  failures:  thermal  stress  and  dielectric 
breakdown. 

Thermal  stress  usually  occurs  due  to  insufficient  coolant 
flow,  air  bubble  formation  caused  by  pressure  drop 
through  the  resistor  housing,  as  well  as  small  transients  in 
the  flow  rate,  such  as  those  caused  by  water  supply 
pressure  variations.  Heat  damage  to  the  resistor  is  usually 
caused  by  either  localized  boiling  of  the  water  coolant,  or 
by  differential  expansion  among  several  layers  of 
dissimilar  materials,  both  of  which  can  result  in  the 
localized  shattering  of  the  resistive  film. 

Dielectric  breakdown  occurs  when  the  resistor  is 
subjected  to  a  high  peak-power  microwave  pulse,  which 
generates  increased  power  dissipation  throughout  the 
resistive  film,  overloading  the  resistor.  Localized  areas  are 
then  formed  where  permanent  physical  damage  has 
occurred  and  the  resistive  properties  have  changed.  This 
kind  of  localized  damage  will  continue  until  enough  areas 
are  affected,  ultimately  resulting  in  complete  failure  of  the 
resistor  as  a  load. 

3  FIELD  DISTRIBUTION  ANALYSIS 

In  order  to  predict  and  explain  any  damage  pattern 
observed  during  these  experiments,  the  electromagnetic 
field  distribution  inside  the  resistor  housing  was  modeled 
for  both  the  9725  and  the  57200  elements.  The  simulation 
program  used  was  WaveSim[2],  a  two-dimensional,  finite 
element  scattering  code  with  applications  in  radar, 
communications  and  microwave  devices.  The  fine 
conformal  mesh  used  in  the  layout  of  the  program  allowed 
an  accurate  representation  of  the  various  layers  and  the 
complex  assembly  geometry  involved. 

The  modeling  showed  a  significant  variation  of  the  field 
magnitude  along  the  length  of  the  resistor,  which  indicates 
non-uniform  power  dissipation  (see  figure  2).  When  using 
water  coolant,  there  is  a  strong  concentration  of  the  field 
near  the  downstream  end  connector.  The  power 
dissipation  there  is  over  25  times  that  at  the  upstream  end 
of  the  resistor.  This  result  was  consistent  with  early 
experimental  results,  in  which  the  film  was  damaged 
circumferentially  adjacent  to  the  downstream  connector. 


Clearly,  different  input  microwave  frequencies  create 
uneven  power  dissipation  levels  along  the  axis  of  the 
resistor  element.  At  the  resistor’s  test  frequency 
(850  MHz),  enhanced  fields  up  to  5.7  kV/m  were 
predicted  compared  to  the  approximately  uniform  field  of 


2.25  kV/m  at  a  lower  frequency  (85  Mhz).  Failures  due  to 
severe  dielectric  stress  in  this  region  were  observed 
experimentally  as  noted  in  Section  4. 

Figure  2:  Field  amplitude  plotted  from  input  end  (left)  to 
water  downstream  end  (right)  assuming  25W  input  power. 

4  OUTLINE  OF  TESTS 

UNM’s  klystron  was  used  to  first  determine  the  limits  of 
dielectric  film  strength.  Resistor  elements  manufactured 
without  protective  glass  coatings  were  chosen  for  this  test, 
in  order  to  allow  sectional  film  resistance  to  be  measured. 
This  feature  allowed  significant  thickness  variations  in  the 
film  to  be  observed  both  axially  and  rotationally  (probably 
due  to  the  manufacturing  process).  These  initial  tests 
bounded  the  film’s  rating  for  low  power,  low  duty-cycle 
operation.  No  degradation  was  noted  for  30,000  shots  of  2 
ms/lHz  pulses  at  33  kW.  Although  the  sample  size  was 
not  statistically  valid,  this  test  suggested  robust  film 
performance  is  likely  at  the  rated  load.  Similar  tests  were 
applied  at  peak  powers  up  to  150  kW,  eventually  causing 
failure.  A  characteristic  failure  pattern  was  observed  near 
the  downstream  connector,  corroborated  by  WavSim 
modeling.  ARI  modified  the  contact  ring  design  in 
response  to  this  failure. 

At  the  end  of  the  first  test  phase,  it  was  observed  that 
coolant  was  causing  film  erosion  and  unwanted  film  aging 
during  the  experiment.  Therefore,  all  subsequent  tests 
were  performed  using  ARI’s  coated  stock  elements.  Test 
goals  were  also  modified  to  allow  data  to  be  taken  over  a 
wider  range  of  both  temperature  and  input  RF  power.  In 
order  to  standardize  the  effect  of  film  aging,  a  fixed  pulse 
sequence  was  chosen. 
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LEDA’s  requirements  for  resistive  loads  target  75% 
availability  or  6,570  hrs  per  year,  but  at  intermittent 
loading.  A  valid  test  for  a  resistor  rated  at  50,000  hrs 
MTBF  (Mean-Time  Between  Failure)  requires  a 
simulation  of  50/6.57  =  7.5  years  of  life  in  order  to  insure 
that  at  least  one  life-cycle’s  operation  has  been  tested. 
Further,  each  resistor  will  be  required  to  withstand  20 
reflected  power  events  per  day  in  the  first  year,  tapering  to 
5  per  day  in  three  years,  then  continuing  at  that  rate  until 
failure.  Based  on  these  assumptions,  a  final  series  of  tests 
were  performed  to  identify  the  failure  curve  for  this 
scenario.  They  are  described  in  Section  5. 

5  EXPERIMENTAL  RESULTS 

5.1  Test  Setup 

The  microwave  output  of  the  klystron  was  fed  into  the 
resistor  load  in  pulses  about  1-ms  long  at  a  repetition  rate 
of  3  Hz.  In  this  way,  approximately  13K  shots  for  each 
data  point  were  obtained  in  roughly  one  hour.  The  input 
pulse,  as  well  as  the  reflected  pulse,  was  closely 
monitored  to  observe  the  functioning  of  the  resistor.  Since 
the  dissipated  thermal  energy  was  low,  an  independent 
means  of  controlling  film  surface  temperature  was 
required.  Heat  input  was  varied  by  use  of  a  thin,  2.5  kW 
electrical  water  heater  that  was  inserted  into  the  inlet 
cooling  channel.  Due  to  its  geometry,  some  uneven  flow 
distribution  along  the  inside  resistor  surface  occurred 
which  cannot  be  easily  quantified.  The  amount  of  heat  rise 
needed  for  each  test  was  controlled  by  varying  the  flow  of 
the  cooling  water.  A  resistor  was  declared  ‘failed’  as  soon 
as  a  significant  increase  in  the  reflected  microwave  power 
became  measurable,  indicating  a  change  in  the  load 
impedance. 

5.2  Failure  Curve 

Three  different  resistors  were  used,  each  at  a  different 
amount  of  heat  rise,  AT,  roughly  15  °C,  7  °C,  and  3  °C. 
Each  resistor  was  initially  subjected  to  a  relatively  low 
power  level,  after  which  peak  power  was  increased  in 
increments  of  33  kW.  Tests  were  continued  until  failure  of 
each  resistor  occurred. 

The  results  of  this  extensive  series  of  tests  are  shown  in 
the  graph  of  Figure  3.  All  data  below  15  °C  were  obtained 
through  direct  measurement,  while  the  remainder  was 
estimated  from  vendor  specifications.  Reliable  operation 
is  implied  in  the  region  to  the  left  of  the  failure  curve. 
Published  ratings  are  25  kW  continuous  dissipation  at 
20  °C  rise. 

It  should  be  noted  that  the  failure  region  cannot  be 
precisely  defined  with  this  method  since  such  effects  are 
gradual,  i.e.,  conditioning  is  a  significant  factor.  If  a 
longer  pulse  width  (50-300  ms)  had  been  chosen,  the 
region  would  likely  be  more  constrained.  Conversely,  if  a 
shorter  pulse  series  (less  than  13,000)  had  been  applied  at 


each  test  point,  the  region  may  have  been  less  constrained. 
The  ultimate  value  of  performing  such  tests  lies  in  their 
general  ability  to  highlight  areas  of  needed  design 
improvement. 


Figure  3:  Failure  curve  for  the  9725  resistor  (Multiple  of 
Rated  Power  vs.  Heat  Rise,  AT). 

6  CONCLUSIONS 

A  variety  of  conclusions  were  drawn  from  the  results  of 
this  study,  namely: 

1 .  The  electromagnetic  field  distribution  inside  the  resistor 
housing  was  modeled  accurately  using  the  simulation  code 
WaveSim,  resulting  in  a  design  change. 

2.  The  combined  effect  of  heat  and  dielectric  stress  are 
causal  factors  in  film  breakdown,  as  summarised  above. 

3.  Manufacturing  variability  adds  an  unquantified 
dimension  to  the  problem  of  applying  film  resistors  at  RF 
power  densities  near  their  ultimate  ratings.  In  this 
operating  regime,  further  work  is  needed  to  insure 
component  reliability. 

4.  Additional  test  data  for  RF  film  resistors  are  needed  in 
applications  such  as  LEDA.  Specific  issues  include: 
scaling  to  larger  elements,  continuous  versus  pulse  power 
ratings,  and  the  impact  of  water  flow  instability. 
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Abstract 

The  code  CLANS2  is  an  improved  version  of  SuperLANS 
code  [1]  for  calculation  of  axisymmetric  cavities.  This 
code  permits  the  evaluation  of  multipole  modes  in  cavities 
with  partially  loss  dielectric  and  ferrite  fillings.  The  code 
solves  a  complex  eigenmode  problem.  A  self-consistent 
problem  is  solved  for  frequency-dependent  dielectric 
permittivity  and  magnetic  permeability. 


1  INTRODUCTION 

The  cavities  with  high  loss  ferrite  filling  are  used  in  many 
areas.  Ferrite  insertions  are  used,  for  example,  in 
superconducting  accelerating  cavities  for  HOM  damping 
[2]  and  in  high  power  RF  amplifiers  for  self-excitation 
damping  (see,  for  example,  [3]).  Most  RF  cavities  have 
rotational  symmetry,  with  a  small  amount  of  weak 
distortion  produced  by  coupling  elements.  So  2D  codes 
continue  to  play  an  important  role  in  practical 
calculations.  A  calculation  of  the  monopole  modes  in  the 
presence  of  high  loss  materials  can  be  produced  using 
codes,  such  as  CFISH  [4]  and  CLANS  [5],  In  the  present 
paper  we  describe  a  new  code,  CLANS2,  for  multipole 
mode  calculations  in  axisymmetric  systems.  The 
multipole  mode  calculation  is  necessary,  for  example,  for 
analysis  and  optimisation  of  transverse  impedance  of 
accelerating  cavities  with  ferrite  HOM  dampers  in  cyclic 
accelerators  [2].  It  may  also  be  useful  for  design  and 
optimisation  of  RF  sources,  where  operating  modes  have 
azimuthal  variations,  i.e.,  gyrotrons,  gyroklystron,  etc. 


2  SOLUTION  METHOD 


CLANS2  is  based  on  the  same  method  as  SLANS2  [5], 
Unlike  the  scalar  problem  for  monopole  modes,  the 
problem  of  multipole  mode  calculation  is  a  vector 
problem.  For  example,  the  magnetic  field  is  described  by 
wave  equation: 


1-, 

rot  —  rotH  -  co  £0n0M  ■  H  =  0, 


(1) 


£ 

where  e  and  p  are  complex  permittivity  and  permeability. 
Eliminating  azimuthal  field  component,  we  obtain  a 
system  of  the  two  equations  for  Hz  and  Hr,  which  has  no 
spurious  solutions  [6,7],  The  boundary  conditions  for 
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magnetic  field  on  a  metallic  surface  have  the  following 
form  [8]: 

^-+KHr  =0,  H  =  0  (2)> 

dn  r 

where  K  -  is  the  curvature  of  surface  in  (r,  z)  plane. 
Solving  the  eigenvector  problem  for  radial  and  axial 
components  of  magnetic  field,  we  can  reconstruct  the 
azimuthal  component  of  magnetic  field  and  all 
components  of  electric  field  using  Maxwell  equations. 
Notice  that  it  is  also  possible  to  solve  the  eigenmode 
problem  for  the  same  components  of  electric  field.  In  this 
case  the  field  equations  have  the  same  form,  except  that 
the  boundary  conditions  on  a  metallic  surface  are  [8]: 

^l  +  (K+^-)E„=  0,  E  =0  (2’), 

on  r 

where  nr  is  radial  component  of  unit  vector  normal  to 
surface  in  (r,  z)  plane.  The  two-component  field  equation 
is  solved  using  the  finite  element  method.  We  use  a  scalar 
eight-node  rectangular  isoparametric  elements.  These 
curvilinear  elements  provide  a  second-order 
approximation,  and  permit  the  describing  of  the  geometry 
with  high  accuracy.  The  algebraic  system  of  equations  for 
the  mesh  node  field  values  is  obtained  using  Galerkin's 
method.  The  matrix  system  in  our  case  is  complex  and 
asymmetric.  To  satisfy  the  boundary  condition  on  a 
metallic  surface  we  use  the  method  described  in  [8].  We 
rewrite  the  equations  for  the  mesh  nodes  on  metallic 
surfaces  for  the  normal  and  tangential  field  components: 
Hn,  Ht  or  E„,  Et  and  combine  these  equations  to  satisfy 
(2  or  2').  On  ferrite  or  dielectric  surfaces  the  problem  of 
satisfying  the  boundary  conditions  is  more  complicated. 
In  ( r ,  z)  plane  only  the  tangential  field  components^ and 
£rare  continuous.  So  we  rewrite  the  equations  for  Bw  Hr 
or  D„,  Et  (instead  of  Hn,  Hr  or  E„,  Er)  for  the  mesh  nodes 
on  ferrite  or  dielectric  boundary  to  satisfy  the  boundary 
conditions  [5].  This  method  allows  the  use  of  a  regular 
finite  element  mesh.  To  find  several  modes 
simultaneously  in  an  arbitrary  spectrum  domain,  we  use 
subspace  iteration  method  with  frequency  shift  for  an 
asymmetric  algebraic  problem  [9],  If  the  permittivity  and 
permeability  of  the  lossy  filling  depend  on  frequency,  the 
self-consistent  problem  is  solved.  The  iterations  are 
produced  in  the  following  way.  The  solution  for  fixed 
permittivity  and  permeability  is  used  as  an  initial 
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approximation.  Then  for  this  frequency  the  new  values  of 
permeability  and  permittivity  are  chosen.  Using  these 
values  of  permittivity  and  permeability,  we  find  the  new 
frequency  by  the  method  of  inverse  iteration  with 
frequency  shift,  which  provides  the  effective  separation  of 
required  mode,  and  so  on  utill  convergence.  We  use  the 
frequency  of  the  previous  iteration  as  a  new  frequency 
shift.  As  a  rule,  several  iterations  are  enough  to  obtain  the 
self-consistent  solution.  Iterations  are  produced 
automatically  if  a  file  with  permittivity  and  permeability 
frequency  dependencies  is  prepared. 

3  TESTS  AND  EXAMPLES  OF 

CALCULATIONS 

A  spherical  cavity  with  concentric  spherical  dielectric  or 
ferrite  insertion  with  high  losses  (tgS  =  1)  was  used  as  a 
test.  For  a  mesh  containing  only  100  elements  the 
difference  between  analytical  calculations  and  CLANS2 
results  is  less  than  0.3%  for  the  frequencies  of  the  first  10 
dipole  modes.  The  code  CLANS2  is  currently  used  for 
multipole  spectrum  simulations  in  CESR  superconducting 
cavity  having  ferrite  HOM  dampers  [10].  The  finite 
element  mesh,  which  is  used  for  dipole  mode  calculations, 
is  shown  in  the  Fig.  1 .  The  lines,  where  r-E ^  =  const,  are 
shown  for  two  modes  in  the  Figs.  2-4.  Second  mode  is  a 
“ghost”  mode,  which  is  located  near  the  ferrite  insertion 
and  has  very  low  quality  factor.  The  field  map  rE<p  = 
const  for  multipole  modes  is  not,  of  course,  a  physical 
vector  field,  as  for  monopole  modes,  but  it  is  helpful  for 
mode  identification.  The  code  calculates  the  transverse 
impedance  for  modes,  which  is  used  for  calculation  of  the 
beam  instability  growth  rates.  Another  example  of  the 
multipole  calculation  is  a  variant  of  the  room-temperature 
"single  mode"  cavity,  proposed  by  V.M.  Petrov  [11].  A 
coaxial  line  with  absorber  is  used  to  damp  HOMs,  both 
longitudinal  and  transverse.  The  position  and  size  of  the 
coaxial  line  is  chosen  in  such  a  way  that  the  fundamental 
mode  does  not  propagate  into  the  coaxial  line.  The 
perfectly  matched  load  is  simulated  by  the  lossy  ferrite 
filling  of  the  end  part  of  the  coaxial  line  (see  Fig.  6  and 
7).  The  filling  parameters  are  chosen  in  such  a  way  as  to 
eliminate  reflection.  The  cavity  spectrum  and  transverse 
impedance  for  multipole  modes  was  calculated  by 
CLANS2.  The  field  map  of  the  lowest  dipole  mode, 
which  is  damped  by  the  coaxil  load,  is  shown  on  Fig.6  and 
Fig.7. 

4  CONCLUSIONS 

A  code  has  been  developed  that  permits  the  deermination 
of  multipole  modes  in  cavities  with  partially  loss 
dielectric  and  ferrite  fillings.  It  may  be  used  to  solve  the 
following  problems: 

•  calculation  of  multipole  modes  in  RF  cavities  with 
ferrite  HOM  dampers , 


•  simulation  of  the  cavities  of  RF  sources  having  lossy 
insertions , 

•  simulation  of  the  RF  cavities  with  a  matched  external 
load. 

The  code  is  written  for  Windows  and  UNIX  platforms. 
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Figure  1 :  Finite  element  mesh  for  CESR  superconducting 
cavity. 


2776 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Dofe:02/27/99  :c2_bf_l 


Dai e : 02/27/99  :c2_bf_l 


Figure  2:  Field  pattern  of  real  part  of  a  dipole  mode  of 
CESR  superconducting  cavity. 


Figure  3:  Field  pattern  of  imaginary  part  of  a  dipole  mode 
of  CESR  superconducting  cavity 
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Figure  4:  Field  pattern  of  real  part  of  a  dipole  "ghost" 
mode  of  CESR  superconducting  cavity. 


Figure  5:  Field  pattern  of  imaginary  part  of  a  dipole 
"ghost"  mode  of  CESR  superconducting  cavity. 
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Figure  6:  Field  pattern  of  real  part  of  a  dipole  mode  of  Figure  7:  Field  pattern  of  real  part  of  a  dipole  mode  of 
room-temperature  "single  mode"  cavity.  room-temperature  "single  mode"  cavity. 
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Abstract 

A  new  finite  element  gun  code  is  under  development.  In 
an  effort  to  improve  the  gun  code  model,  a  conceptfl] 
has  been  proposed  recently  that  treats  fields  in  a  typical 
way,  but  includes  a  unique,  formal  approach  to  both  parti¬ 
cle  tracking  and  source  allocation.  Being  a  new  approach, 
there  are  concerns  about  the  speed,  accuracy,  and  appro¬ 
priateness  of  this  proposal  for  the  electrostatic,  steady-state 
particle-in-cell  (PIC)  gun  model.  In  order  to  resolve  some 
of  these  issues,  a  variety  of  particle  tracking  and  charge 
deposition  schemes  are  being  evaluated  with  respect  to  ac¬ 
curacy,  speed,  robustness,  and  effect  on  the  model.  This 
includes  various  methods  for  computing  the  electric  field 
at  the  particle  locations.  For  this  study,  we  are  using  the 
SAIC  3D  gun  code  AVGUN  as  a  testbed  to  incorporate  and 
evaluate  these  methods.  Results  of  a  theoretical  analysis  of 
the  methods  will  be  presented,  and  a  comparison  will  be 
made  with  the  empirical  results. 

1  INTRODUCTION 

Some  concepts  for  a  new  finite  element  (FE)  gun  code  were 
proposed  recently[l].  This  new  FE  gun  code  will  model 
complicated  3D  problems.  The  proposed  concepts  focused 
on  dealing  effectively  with  issues  a  gun  code  will  encounter 
on  an  unstructured  grid. 

For  example,  rays  are  traced  through  the  unstructured 
grid  element  by  element  using  local  coordinates  in  each 
element.  Such  a  particle-tracking  scheme  has  numerous 
qualities  which  we  will  not  enumerate  here.  Concerning 
the  finite  element  field  calculation,  the  potential  is  a  linear 
combination  of  basis  functions  iV,(x), 

n 

0(x)  =  (U 

i—1 

The  electric  field  is  the  derivative  of  this  potential  with  no 
additional  smoothing, 

n 

E(x)  =  — V<Hx)  =  -  5>iVWi(x).  (2) 

i=i 

The  charge  deposition  scheme  follows  from  the  formal 
application  of  the  finite  element  formulation:  the  linear 
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charge  density  multiplied  by  the  basis  functions  are  inte¬ 
grated  along  the  ray  trajectories, 

bi=  [  pNidn  =  y]  [  -lf-rNi(xj(s))ds.  (3) 

Jn  Jr,  vj  (s) 

There  are  numerous  questions  concerning  the  speed,  ac¬ 
curacy  and  utility  of  the  proposed  concepts.  In  this  paper 
we  compare  and  contrast  three  charge  deposition  schemes 
and  three  electric  field  interpolation  schemes  in  the  context 
of  a  simple  ID  problem  which  can  be  solved  analytically. 
The  basis  functions  Ni  for  (j)  are  linear.  The  charge  depo¬ 
sition  schemes  studied  are  constant  (where  the  charge  in 
an  element  is  shared  equally  among  the  element’s  nodes), 
nearest  grid  point  (NGP)  and  linear  (i.e.,  Eq.  3).  The  field 
interpolation  schemes  are  constant  (i.e.,  Eq.  2)  and  two 
forms  of  linear  interpolation  discussed  below. 

2  THE  TEST  CASE 

We  studied  a  simple  ID  diode  problem  which  can  be  solved 
analytically.  The  parameters  of  the  problem  are  listed  in 
Table  1 .  A  finite  particle  energy  at  the  cathode  was  chosen 
so  that  the  singularity  at  a  space  charge  limited  (SCL)  cath¬ 
ode  is  avoided.  Similarly,  the  current  transported  across 
the  diode  was  fixed.  Differences  in  SCL  emission  algo¬ 
rithms  in  various  codes  do  not  affect  this  study.  The  lim¬ 
iting  case  of  perfect  integration  of  the  equations  of  motion 
in  the  presence  of  the  discretized  fields  was  pursued,  so  is¬ 
sues  arising  from  finite  integration  steps  are  mitigated.  The 
voltages  were  chosen  so  that  the  problem  is  essentially  non- 
relativistic.  The  meshes  are  uniform. 


Table  1:1D  Diode  Test  Case  Parameters 


anode-cathode  gap,  d 
anode-cathode  voltage,  —  <po 
electron  energy  at  cathode,  <po 
current  density,  J 

0.05  m 

4.5  kV 

10  eV 

-250  A/cm2 

cathode  electric  field,  E( 0) 
anode  electric  field,  E(d) 
transit  time,  r 

-34.91 87  kV/m 
-1 15.782  kV/m 
2.86391ns 

For  this  ID  problem  there  are  only  two  measures  of  the 
quality  of  the  beam  calculation:  transit  time  and  particle 
energy.  The  computational  schemes  presented  in  this  paper 


0-7803-5573-3/99/$  1 0.00  @  1999  IEEE. 


2778 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


all  conserve  energy  precisely  at  the  anode.  That  is,  the  par¬ 
ticle  energy  will  be  exactly  the  anode  voltage,  regardless 
of  the  discretization  of  the  anode-cathode  gap.  The  tran¬ 
sit  time  is  not  exact  in  any  of  the  schemes  studied  here,  so 
transit  time  error  will  be  our  main  measure  of  the  quality  of 
the  beam  calculation.  The  analytic  results  in  Table  1  were 
computed  with  a  non-relativistic  model. 

The  quality  of  the  field  calculation  can  be  measured  by 
the  error  of  the  computed  potential  at  the  nodes.  Alterna¬ 
tively,  the  transit  time  error  can  be  considered  an  integral 
measure  of  the  error  in  the  field  calculation.  The  transit 
time  is 

r  =  r  ~T)  =  ^  \l YJT)  dx'  (4) 

Jo  v{x)  Jo  V  2#e(x) 

where  —q<j)e{x)  is  the  kinetic  energy  of  the  particle.  The 
potential  <j)e  derives  from  the  integration  of  the  electric 
field, 


In  the  analytic  case  there  is  no  distinction  between  4>e  and  </> 
(we  take  the  arbitrary  constant  difference  to  be  zero),  but 
in  the  discretized  problem  the  field  interpolation  algorithm 
may  introduce  a  distinction.  The  transit  time  error  is 

T*~T  =  (6) 
a  l  \£zp£)iMx)-4‘ix))dx-  m 

3  TESTS  WITH  AVGUN 

AVGUN  is  a  3D  gun  code  which  employs  a  Cartesian 
mesh.  For  this  study,  the  code  was  modified  to  allow  both 
linear  and  constant  charge  deposition  schemes,  and  both 
linear  and  constant  field  interpolation  schemes.  In  AV¬ 
GUN,  the  linear  field  interpolation  is  performed  on  a  dual 
grid,  as  is  typical  for  finite  difference  (FD)  codes.  The  elec¬ 
tric  field  on  the  half  dual  cells  at  the  ends  of  the  grid  is  con¬ 
stant.  An  FE  field  solution  option  was  added  to  AVGUN’s 
existing  FD  field  solver. 

The  details  of  the  matrix  equation  representing  Poisson’s 
equation  in  3D  are  different  between  the  FD  and  FE  algo¬ 
rithms,  but  for  a  ID  problem  the  matrices  are  equivalent. 
The  ID  test  problem  was  modeled  with  AVGUN  using  both 
algorithms,  and  the  FE  case  agrees  with  the  FD  case. 

The  quality  of  the  AVGUN  calculations  was  measured 
by  the  error  in  the  electric  field  at  the  cathode.  This  electric 
field  was  computed  by  linearly  extrapolating  the  electric 
fields  in  the  first  two  cells  (E(h/2)  and  E(3h/2))  to  the 
cathode.  The  integration  step  size  hray  was  varied,  and  the 
results  were  linearly  extrapolated  to  infinitesimal  step  size. 
The  dependence  of  the  relative  error  on  integration  step  size 
was  approximately  ( 600%)hra.y/d .  The  results  are  shown 
in  Fig.  1.  From  this  test,  it  appears  that  the  constant  charge 
deposition  scheme  performs  better  than  the  linear  charge 


Figure  1:  Relative  error  of  the  electric  field  f?(0)  at  the 
cathode,  computed  by  linear  extrapolation  of  the  electric 
field  in  the  first  two  cells,  versus  cell  size  h. 


Figure  2:  Relative  error  of  the  transit  time  T&  versus  cell 
size  h,  using  various  field  interpolation  and  charge  deposi¬ 
tion  schemes. 


deposition  scheme.  Furthermore,  the  choice  of  field  inter¬ 
polation  scheme  shows  no  significant  effect. 

Transit  time  in  the  AVGUN  simulations  was  also  scruti¬ 
nized,  but  the  results  were  difficult  to  interpret  due  to  addi¬ 
tional  random  errors,  perhaps  residual  errors  left  by  the  iter¬ 
ative  solvers,  which  were  about  the  same  size  as  the  transit 
time  errors  of  interest. 

4  TESTS  WITH  A  ID  CODE 

Further  tests  were  performed  with  small  ID  codes  that  in¬ 
tegrated  the  equations  of  motion  cell  by  cell,  either  ana¬ 
lytically  or  with  a  high  order  adaptive  integrator.  Further¬ 
more,  the  matrix  equations  were  solved  directly  instead  of 
iteratively,  and  the  relaxation  procedure  was  performed  to 
the  limit  dictated  by  numerical  precision.  The  results  are 
shown  in  Figs.  2-4.  Linear  field  interpolation  in  this  case 
means  an  average  electric  field  is  computed  at  each  node, 
and  then  these  average  electric  fields  are  interpolated  lin¬ 
early  within  each  cell.  There  is  no  dual  grid. 

The  transit  time  errors  shown  in  Fig.  2  would  indicate 
once  again  that  the  constant  charge  deposition  scheme  was 
superior.  These  two  results  were  surprising  to  the  authors, 
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Figure  3:  Maximum  error  of  the  nodal  potentials  (j>h,i  ver¬ 
sus  cell  size  h. 


Figure  4:  Potential  error  (f>e(x)  -  for  h/d,  =  1/20  and 
various  field  interpolation  and  charge  deposition  schemes. 
Symbols  identify  the  potential  error  at  nodes.  See  Fig.  3 
for  legend. 

so  further  explanation  was  pursued.  In  contrast,  looking  at 
the  error  in  the  potential  at  the  nodes,  shown  in  Fig.  3,  one 
would  conclude  that  the  linear  charge  deposition,  constant 
field  interpolation  scheme  is  superior. 

Detailed  examination  of  the  potential  reveals  the  source 
of  this  apparent  discrepancy.  While  the  potential  at  the 
nodes  is  very  good  in  the  linear  charge  deposition,  con¬ 
stant  field  interpolation  scheme,  the  error  in  the  potential 
is  dominated  by  the  limited  ability  of  the  linear  basis  func¬ 
tions  to  interpolate  the  exact  potential.  The  large  bumps 
in  Fig.  4  illustrate  this.  Error  analysis  of  the  finite  element 
method[2,  3]  also  suggests  this — the  electric  field  error  is 
minimized  directly.  Minimization  of  the  potential  error  is 
secondary.  Referring  to  Eq.  7,  one  can  see  that  the  transit 
time  error  arises  mainly  from  the  first  few  “interpolation  er¬ 
ror”  bumps,  where  the  particles  are  slowest  and  the  relative 
velocity  error  is  largest. 

The  dependence  of  the  transit  time  error  on  the  charge 
deposition  schemes  can  now  be  understood.  The  constant 
scheme  deposits  more  charge  in  the  gap  (in  the  sense  that 
the  components  bi  of  the  source  vector  are  larger),  so  the 
potential  is  depressed,  and  the  transit  time  error  due  to  in¬ 
terpolation  error  is  partially  cancelled.  The  NGP  scheme 


deposits  less  charge  in  the  gap,  so  the  potential  is  increased, 
adding  to  the  interpolation  error  and  thus  the  transit  time 
error. 

This  situation  does  not  depend  on  the  particular  param¬ 
eters  of  the  ID  test  problem.  Choosing  a  case  with  a 
smoother  charge  distribution  (e.g.,  by  injecting  the  beam 
at  a  higher  energy)  reduces  the  magnitude  of  the  error,  but 
the  constant  charge  deposition  scheme  will  still  give  a  bet¬ 
ter  transit  time  than  the  linear  charge  deposition  scheme. 

Fig.  4  suggests  that  an  electric  field  calculation  scheme 
which  better  interpolates  the  potential  at  the  nodes  would 
significantly  reduce  the  transit  time  error.  The  linear  field 
interpolation  schemes  studied  here  are  defective  in  the 
sense  that  (j>e  from  Eq.  5  does  not  agree  with  the  poten¬ 
tial  <j>h,i  at  the  nodes.  The  potentials  <f>e  for  these  cases 
are  systematically  higher  than  the  corresponding  constant 
field  interpolation  cases,  as  shown  in  Fig.  4.  This  differ¬ 
ence  is  mainly  due  to  the  field  interpolation — the  change 
in  the  nodal  potentials  is  relatively  modest  in  comparison. 
This  difference  in  <j>e  increases  the  transit  time  error. 

Some  existing  FE  gun  codes  (e.g.,  DEMEOS[4]  and 
TRAK[5])  fit  the  potential  at  nearby  nodes  to  a  quadratic 
function,  and  then  base  the  electric  field  on  derivatives  of 
this  fit  potential.  A  similar  scheme  which  ensures  agree¬ 
ment  of  the  fit  potential  at  the  cell’s  nodes  could  make 
the  linear  charge  deposition  scheme  unambiguously  supe¬ 
rior.  Likewise,  a  higher  order  (e.g.,  quadratic)  basis  for  the 
potential  would  significantly  reduce  the  interpolation  error 
and  at  the  same  time  significantly  reduce  the  error  at  the 
nodes. 

5  CONCLUSION 

A  study  of  three  charge  deposition  schemes  and  three  field 
interpolation  schemes  in  the  context  of  a  simple  ID  prob¬ 
lem  indicates  that  the  constant  charge  deposition,  constant 
field  interpolation  scheme  provides  for  the  best  simulation 
of  the  beam.  However,  the  results  also  suggest  that  the  path 
to  further  improvement  of  a  linear  basis  FE  gun  code  in¬ 
volves  linear  charge  deposition  combined  with  a  better  field 
interpolation  scheme. 
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Abstract 

A  technique  for  computing  the  longitudinal  electric  fields 
of  a  bunched  beam  propagating  inside  a  conducting  pipe  is 
presented.  A  beam  bunch  is  represented  as  a  series  of 
discs  or  slices,  and  the  total  electrical  field  is  found  by 
superposition  of  the  fields  of  individual  slices.  The  results 
of  this  technique  agree  well  with  other  independent 
algorithms.  The  primary  motivation  for  developing  this 
technique  is  to  provide  efficient  space  charge  calculations 
for  beam  dynamics  simulation.  However,  the  formalism 
may  be  employed  in  other  applications  to  find  electric 
fields  for  various  beam  density  distributions  in  the 
presence  of  conducting  boundaries. 

1  INTRODUCTION 

Simulations  that  include  the  effects  of  space  charge 
provide  a  crucial  basis  for  the  design  of  high-current 
accelerator  systems.  In  some  cases,  particularly  for 
unbunched  beams,  two-dimensional  (2-D)  beam 
simulation  particle-in-cell  (PIC)  codes  are  sufficient. 
However,  for  the  case  of  bunched  beams,  the  longitudinal 
effects  can  become  important,  and  3-D  or  nearly  3-D 
simulations  are  required. 

The  general  3-D  PIC  methods  provide  completely  self- 
consistent  models,  but  frequently  require  very  long 
computational  times.  As  a  result,  the  exploration  of 
possible  design  space  can,  as  a  practical  matter,  be 
limited.  An  alternative  approach  is  the  modification  of  a 
2-D  PIC  formulation  to  include  important  aspects  of  the 
longitudinal  dynamics  that  will  provide  a  nearly  complete 
physics  model  and  a  computational  speed  that 
dramatically  exceeds  the  general  3-D  approach.  A  simple 
linear  model  of  the  longitudinal  electrical  field, 
corresponding  to  parabolic  line  charge  density,  is  valid  for 
ellipsoid-like  beams  in  free  space.  However,  in  the 
presence  of  a  conducting  beam  chamber  with  dimensions 
comparable  to  the  transverse  beam  size,  the  longitudinal 
electric  field  becomes  non-linear  due  to  image  charges. 
The  non-linearity  is  especially  apparent  for  the  case  of 
long  or  longitudinally  asymmetric  bunches.  This  paper 
describes  a  fast  and  accurate  computational  approach  for 
the  calculation  of  the  longitudinal  electrical  field  of  beams 
with  a  relatively  arbitrary  charge  density  distribution 
within  a  conducting  boundary.  We  believe  the  proposed 


method  provides  a  unique  strategy  for  the  inclusion  of 
longitudinal  dynamics  in  simulation  codes. 

2  THE  PROBLEM  TO  BE  SOLVED 

A  common  analytical  approach  to  calculate  the  space 
charge  electric  fields  of  a  beam  propagating  inside  a 
conducting  chamber  is  to  find  the  solution  of  the  Poisson 
equation.  For  rectangular  or  free  space  regions,  the  space 
charge  potential  may  be  found  via  the  convolution  integral 
in  a  rather  simple  and  fast  way  [1],  However,  with  the 
inclusion  of  a  conducting  cylindrical  surface,  the  Green’s 
function,  satisfying  the  zero  boundary  conditions,  is 
expanded  via  modified  Bessel  functions.  Simple  analytical 
evaluation  in  this  case  is  possible  only  after  simplifying 
assumptions  [2],  Even  for  such  a  simple  situation  as  an 
ellipsoidal  bunch  in  a  cylindrical  pipe,  numerical  methods 
are  required  to  find  the  fields.  Poisson  Solvers  using 
Cartesian  or  cylindrical  grids  [3]  employing  the  FFT 
technique  are  now  in  common  use  in  PIC  codes.  The 
approach  described  below  is  related  to  a  Green’s  function 
formalism  based  on  the  charge  density  method  [4] 
appropriate  for  PIC  simulation. 

Charge  Density  Method 

For  free  space,  the  potential  u,  produced  by  the  charge 
density  p  within  the  volume  V  is  equal  to 


where  l/R  =  l/|r0 -^  =  1/^0 ~x)2 +(y0-y')2  +(z0-z)2  is 

the  Green’s  function.  When  V  represents  a  symmetrical 
bunch,  the  potential  may  be  rewritten  as: 

«(-*o.)’o-Zo)=  (!) 

_  +r‘  2r  _ p{r,(p,z)  rdrdtpdz _ 

-i  o  o  yl(r  cos  <p-x0)1  +  (rsin  tp  -  y0 )2  +  (z  -  z0)2 
where  for  the  particular  case  of  an  ellipsoid-like  bunch 
R(z,<p )  =  Rh-Jl-(z/Zh)2  (with  Rb  and  Z„  the  bunch  radius 

and  half-length  correspondingly).  If  the  charge  density  is 
given,  then  equation  (1)  determines  the  corresponding 
potential  u.  Conversely,  if  the  potential  u  is  known,  then 
the  corresponding  p  may  be  found  from  an  integral 
equation  (1).  The  formalism  known  as  the  moment 
method  described  below  is  from-15].  A  similar  technique 
called  the  charge  density  method  [6]  is  commonly  used  in 
electron  and  ion  optics. 


0-7803-5573-3/99/$  1 0.00  @  1 999  IEEE. 
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3  SLICE  FORMALISM 


The  original  charge  density  method  is  too  slow  to  be  used 
repeatedly  during  step-by-step  PIC  simulation.  We  have 
developed  a  modification  of  the  charge  density  method, 
which  assumes  a  discrete  representation  of  the  bunch  via 
charged  discs  or  slices  (see  Figure  1).  The  total  beam 
field  is  determined  by  superposition  of  individual  fields. 
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Figure  1 .  A  uniformly  populated  ellipsoidal  beam  bunch 
modeled  as  100  discrete  slices.  The  bunch  radius  is 
/?fc=0.01  m  and  the  half  bunch  length  is  Zb  =0.1  m. 


For  a  single  slice  of  radius  R”'ce  and  charge  density  aliee( r) 
the  potential  in  the  free  space  can  be  expressed: 


adice(r)  rdr  dtp 


Lit  A 

o  o  yj(rcos<p- xj2  +(rsin <p- yo)2  +z  2 


(2) 


(The  integration  over  z  is  not  required  for  the 
infinitesimally  thin  slice).  If  the  point  (x0  ,y0  ,z0)  is  on  the 
cylindrical  surface,  then  x2  +y 2  =Rj  and  u(x0  ,y0  ,z0) 
defines  the  potential  due  to  a  single  slice  on  the  cylindrical 
surface  at  longitudinal  position  z0  .  The  same  potential 
evaluated  at  the  position  of  that  boundary  (r  =  R  with 
opposite  sign,  is  used  to  find  the  unknown  surface  image 
charge  density  cr"“8'  on  the  cylinder  from  a  single  slice: 


-“(jro’>’o’zo)  = 


(3) 


2n  +ZL 

1 J 


W-ywzdy 


0  -ZL  J(Rn<  cos  <p-xf+  (Rcyl  sin  p-yj2 +(z~Zo  f 


with  z0e[-ZL  ,+ZL  ]  (Z=4Zh  was  found  empirically). 
Reapplication  of  (3)  for  x02  +y2=r  (  0<r<Rcyl )  and  for  the 
determined  a"mgt  provides  u^"e(r,z)-  The  total 

potential:  u^(r,z)  =  u^(r,z)  +  u^r,z)  will  then 

automatically  satisfy  the  zero  boundary  conditions.  The 
longitudinal  on-axis  potentials  (r=0)  for  the  middle  slice 
are  given  in  Figure  2. 

When  this  procedure  is  applied  in  a  PIC  code,  it  is 
proposed  that  the  potentials  and  electrical  field  values  be 
calculated  once  for  different  slices  and  stored.  During  the 
simulation,  these  values  with  interpolation  would  be  used 
to  provide  an  accurate  model  of  the  longitudinal  dynamics 
without  the  penalty  of  long  computational  time  [4]. 


Figure  2.  The  free  space  (solid  curve),  image  charge 
(dotted)  and  total  (dashed)  potential  for  a  single  slice. 

4  APPLICATIONS  OF  THE  SLICE 
TECHNIQUE 

In  the  numerical  examples  below,  we  consider  a  specific 
case  of  an  elliptical  bunch  inside  a  conducting  cylindrical 
pipe  of  radius  0.02  m  as  shown  in  Figure  1.  The  half 
bunch  length,  is  Zb  =10  cm,  the  maximum  transverse 
radius  is  Rb  =1  cm,  and  the  total  charge  is  2,o„„=10'"  C. 
The  transverse  dimensions  of  the  beam  were  assumed 
circular  with  a  uniform  radial  charge  distribution.  The 
longitudinal  dimension  was  assumed  parabolic  thus 
resulting  in  a  parabolic  line  charge  density  A,(z).  In  this 
example,  the  bunch  was  modeled  as  100  individual  slices. 

For  the  full  bunch  in  the  absence  of  the  conducting 
chamber,  superposition  of  potentials  for  all  slices  results 
in  parabolic  potential  and  linear  field.  With  the  inclusion 
of  a  conducting  cylinder,  the  total  field  (by  superposition) 
is  given  in  Figure  3.  Note  that,  for  this  case,  the  Ez(z) 
within  the  bunch  is  strongly  non-linear.  The  potential  and 
fields,  calculated  for  Zb  !Rb  =10,  5,  1  are  in  very  good 


Figure  3.  The  longitudinal  electric  field  E.(z)  [V/m]  along 
the  beam  axis,  for  the  case  of  a  bunch  with  m  and  the  half 
bunch  length  is  Zh  /  Rh  =10. 

More  complicated  situations,  such  as  when  the  bunch  has 
a  non-symmetrical  form  in  the  longitudinal  direction,  can 
also  be  accommodated  by  the  algorithm.  Shown  in  Figure 
4,  is  a  possible  asymmetrical  bunch  within  a  4  cm 
diameter  conducting  pipe  again  modeled  as  100  individual 
slices  with  the  calculated  Ez(z)  given  in  Figure  5.  Though 
the  geometrical  shape  of  the  bunch  of  Figure  4  is  not 
dramatically  different  from  that  of  Figure  1,  the  electric 
potential  and  field  have  significantly  different  profiles. 
The  E,(z)  is  more  non-linear,  than  that  of  Figure  3, 
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changing  sign  four  times.  In  this  case,  the  g-factor 
method  [7]  would  lead  to  the  wrong  result. 


Figure  4.  Asymmetrical  bunch. 


Figure  5.  Longitudinal  field  E2(z)  [V/m]  found  by  slice 
superposition  for  the  asymmetrical  bunch  of  Figure  4. 


Off-axis  Electrical  Field 

So  far  we  have  computed  only  on-axis  field  Ez(z)  -  at  zero 
radial  position.  Shown  in  Figure  6  are  the  potentials  and 
fields  for  different  radial  positions.  From  Figure  6  (all 
dimensions  are  the  same  as  those  of  Figure  1),  the 
approximation  of  simply  using  the  on-axis  value  for  E,(z) 
will  cause  significant  errors  only  near  the  bunch  ends. 
However,  the  maximum  ZimiI(r)  values  for  the  example 
shown  are  Zrou{r=(0,  0.4,  0.8 )xRb  }=  0.1,  0.09,  0.06  m. 
(The  symbols  are  plotted  at  Zmu  values  in  Figure  6)  I.E., 
there  are  few  or  no  particles  in  the  area  of  significant 
deviation  from  E.  on-axis  value. 

Note  that  the  off-axis  potential  u(r,z)  as  a  function  of  r 
may  be  used  to  determine  the  transverse  field  Er  for  all 
(r,z)  that  additionally  could  be  employed,  under  some 
circumstances,  to  produce  a  very  fast  algorithm. 

5  DISCUSSION  AND  CONCLUSIONS 

For  the  examples  given,  a  cylindrical  vacuum  pipe  was 
assumed.  However,  the  procedure  can  be  used  to 
accommodate  more  general  chamber  boundaries  and 
beam  shapes  and  this  generalization  is  planned.  To  reduce 
simulation  time,  a  range  of  slice  geometries  (in  the 
simplest  case  -  a  range  of  discs  of  different  radii)  will  be 
calculated  and  tabulated. 

The  required  number  of  these  “template”  slices  is  an  order 
of  magnitude  less  than  the  number  of  slices  representing 
the  bunch.  In  the  examples  presented,  15  different  slice 
configurations  were  used  requiring  a  computational  time 


of  about  5  min  (on  a  multi-user  433  MHz  DEC  Alpha). 
The  example  bunch  configurations  were  modeled  as  100 
distinct  slices  with  the  potential  for  each  slice  derived 
from  appropriate  interpolation  of  the  tabulated  data  and 
scaling  for  charge  density.  The  construction  of  the  total 
bunch  potential  required  only  about  0.2  s.  Since  the  pre¬ 
simulation  calculations  (about  5  min)  need  only  be  done 
once  while  the  accelerator  simulations  require  many 
computations  of  the  total  bunch  potential  (about  0.2  s)  as 
the  particles  are  tracked  through  the  system,  the  decrease 


Figure  6.  The  dependence  of  w(r,z)[V]  and  the  field  E,(r, z) 
[V/m]  as  a  function  of  z  for  r  -  (0,  0.4  and  0.8 )xRh  [m]. 

We  are  aware  that  the  proposed  sub-3-D  PIC  code  will  not 
be  completely  self-consistent  since  the  planned  pre¬ 
simulation  calculational  procedure  will  be  unable  to 
reflect  all  possible  evolutions  of  the  particle  density. 
However,  preliminary  studies  of  the  radial  dependence  of 
E.  field  for  different  distributions  suggests  that  the  effect 
of  variations  in  the  transverse  charge  distribution  is  minor, 
and  therefore,  the  analysis  will  be  nearly  self-consistent. 
Comparisons  with  the  general  3-D  codes  are  planned. 

The  authors  are  grateful  to  F.Marti  for  useful  discussions. 
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Abstract 


Finite-length  equilibria  occur  in  a  number  of  intense-beam 
and  plasma  applications.  Penning  traps  permit  the  study 
of  intra-beam  collective  effects,  as  the  additional  freedom 
gained  from  having  an  internal  conductor  permits  greater 
control  over  the  plasma  profile,  so  that  monotonic,  but  not 
constant,  plasma  profiles  can  be  obtained.  On  the  basis  that 
the  thermal  velocity  of  background  neutrals  and  the  drift 
velocity  of  the  electrons  are  much  lower  than  the  thermal 
velocity  of  the  electrons,  and  the  rotation  frequency  is  small 
compared  to  the  gyrofrequency,  the  equilibrium  equation 
can  be  reduced  to  a  self-consistent  Poisson  equation  where 
the  source  depends  on  the  potential.  We  solve  for  these 
equilibria  using  a  Gauss-Seidel  relaxation  method.  Our  re¬ 
sults  show  the  shape  of  the  equilibria  for  various  electrode 
configurations. 

1  INTRODUCTION 

Penning  traps  with  nonneutral  plasma  under  the  influence 
of  a  magnetic  field  have  been  studied  for  a  variety  of  ex¬ 
periments  including  plasma  physics[l],[2],  and  Coulomb 
crystals[3].  Recently,  these  traps  have  been  used  for  ex¬ 
perimental  tests  of  the  CPT  theorem,  which  predicts  that 
various  quantities  such  as  masses,  gyromagnetic  ratios,  and 
charge-to-mass  ratios  are  equal  for  particles  and  antiparti¬ 
cles.  The  comparison  of  charge-to-mass  ratios  for  the  an¬ 
tiproton  and  proton  in  the  trap  is  much  more  accurate  than 
earlier  comparisons  made  with  other  techniques[4]. 

In  principle,  plasma  can  be  confined  perfectly  in 
an  ideal  trap  with  cylindrical  symmetry.  O’Neil  and 
coworkers[5],[6],[7]  derived  and  solved  the  equilibrium 
equations  for  a  nonneutral  plasma  without  a  center  conduc¬ 
tor.  They  assume  that  the  plasma  is  in  thermodynamic  equi¬ 
librium.  A  particular  thermal  equilibrium  can  be  obtained 
from  specific  values  of  total  number,  total  angular  momen¬ 
tum,  and  total  energy.  Similarly,  a  nonneutral  plasma  beam 
in  a  solenoid  at  magnetic  field  has  identical  dynamics. 

However,  in  practice,  the  particles  cannot  be  confined  in¬ 
definitely.  Collisions  with  background  neutrals  and  anoma¬ 
lous  transport[8](which  is  independent  of  pressure)  cause 
the  plasma  in  the  trap  to  expand  radially  [9].  Since  the  ge¬ 
ometry  and  dynamics  are  similar  to  those  of  a  Penning  trap, 
these  kinds  of  effects  can  be  determined  in  the  nonneutral 
beam.  Thus  penning  traps  permit  study  of  intra-beam  col¬ 
lective  effects. 

The  equilibria  of  nonneutral  plasma  can  be  described 
by  the  self-consistent  Poisson  equation.  Without  a  center 
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conductor,  the  plasma  evolves  toward  thermal  equilibria  in 
which  the  physical  parameter,  such  as  maximum  number 
density,  angular  velocity,  and  temperature,  are  determined 
by  the  total  number,  the  total  angular  momentum,  and  the 
total  energy.  However,  for  the  trap  with  a  center  conduc¬ 
tor,  the  bias  potential  is  an  additional  parameter.  This  pro¬ 
vides  a  mechanism  to  control  the  plasma.  To  study  these 
systems,  we  have  developed  a  method  to  find  the  solution 
numerically. 

In  this  paper,  we  investigate  the  equilibria  in  two  differ¬ 
ent  cases.  In  the  following  section,  we  briefly  explain  how 
to  get  the  thermal  equilibria  in  both  isothermal  and  adia¬ 
batic  cases  and  show  the  results  in  one  dimensional  adia¬ 
batic  process  in  which  the  entropy  is  constant,  when  the 
plasma  is  cylindrically  symmetric,  and  it  is  long  compared 
with  the  radius  of  the  outer  shell.  In  the  next  section,  we 
develop  a  method  to  calculate  two  dimensional  equilibria. 

2  THERMAL  EQUILIBRIUM 

A  modified  Penning  trap  with  a  center  conductor  that  is 
electrically  biased  allows  control  of  equilibrium  by  chang¬ 
ing  the  central  potential.  As  shown  in  Fig.  1 ,  an  outer  con¬ 
ducting  cylinder  is  divided  axially  into  three  sections  with 
a  center  conductor.  Compared  to  the  central  section,  the 
two  remaining  end  sections  are  at  more  negative  potential 
to  confine  negative  charged  particles  axially.  A  uniform  ax¬ 
ial  magnetic  field  with  the  electric  field  between  two  shells 
provides  radial  confinement. 


(  PLASMA  j 


-2L  -Li  |L  2L 

Figure  1 :  The  side  view  of  Modified  Penning  Trap.  Here, 
B  =  350G. 

In  order  to  understand  the  equilibrium  state  in  the  trap, 
we  need  to  take  an  appropriate  Hamiltonian.  The  plasma 
approximation  (weak  correlation)  determines  the  equilib¬ 
rium.  The  plasma  approximation,  that  the  plasma  can  be 
treated  as  a  continuous  fluid,  requires  that  the  number  of 
particles  in  a  Debye  sphere  be  large,  (nA|,  »  1).  In  this 
case  the  total  Hamiltonian  is  the  sum  of  the  Hamiltonians 
for  each  particles,  with  the  potential  given  by  Poisson  equa- 
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tion  where  the  charge  density  is  the  fluid  density. 

With  such  an  approximation,  the  one  particle  Hamilto¬ 
nian  is 


H  = 


1 

2  m 
+ 


(pI  +  pD 


e<t>{f)  (1) 


where  Ag(f)  =  ^jp. 

In  a  thermodynamic  description[7]  with  conservation  of 
total  number,  total  angular  momentum,  and  total  energy, 
the  distribution(a  canonical  ensemble)  has  the  form 

p(r,p)  =  Z _1  exp[-H  ^JP6}  (2) 

where  Z  can  be  determined  from  the  total  number.  Inte¬ 
grating  both  sides  over  p  gives  the  number  density 


n(r)  =  n  exp 


(3) 


where  cj  is  the  constant  angular  velocity  in  the  trap  and  n 
is  maximum  number  density. 

Therefore,  the  self-consistent  Poisson  equation 


V2<t>(r)  =  4iren(f)  (4) 


which  gives  equilibrium  states,  will  be  reduced  to  a  dimen¬ 
sionless  equation 


1  d  dip  1  d 2ip 
pdpP  dp  +  p2  dO2 


+  £f-*-(l+7) 


(5) 


in  terms  of  new  dimensionless  variables 


mcj(Q  -uj)  ,  ,  e  ,  1  +  7  2 


\2  = 
AD  — 


4irne2  ’ 


P  = 


Ad’ 


<-is- 


(6) 


Now  we  will  briefly  discuss  adiabatic  variation  of  equi¬ 
libria.  As  we  mentioned,  each  isothermal  equilibrium  in 
one  dimension  can  be  found  by  solving  the  self-consistent 
Poisson  equation  with  conservation  of  total  number,  an¬ 
gular  momentum,  and  total  energy  when  the  longitudinal 
length  of  plasma  is  sufficiently  long  compared  to  the  radius 
of  the  outer  shell  on  which  the  potential  is  constant.  How¬ 
ever,  for  the  trap  with  a  center  conductor,  a  small  and  slow 
change  of  bias  potential  permits  some  electrical  work  be¬ 
tween  two  shells,  which  means  that  total  energy  in  the  sys¬ 
tem  is  no  longer  a  conserved  quantity.  But  a  slow  change  of 
the  potential  guarantees  no  entropy  change  in  this  system. 
Therefore,  we  can  get  the  equilibria  by  changing  the  bias 
potential  slowly. 

From  the  definition  of  entropy,  we  can  easily  redefine  the 
entropy  as 

dr  r  n(r)  ln[n(r)  T-3^2]  (7) 


where  77  and  r 2  is  the  radii  of  inner  and  outer  shell[5].  With 
conservation  of  total  number,  angular  momentum,  and  en¬ 
tropy,  a  particular  bias  gives  other  physical  quantities,  such 
as  maximum  number  density,  angular  velocity,  charges  on 
the  shells,  and  temperature. 


Figure  2:  The  density  profiles  10_6n(r)  ’s  vs  r(cm)  in 
adiabatic  process.  Here,  r\  =  0.32,  r2  =  5.10,  N  = 
5  x  107cm-1,  =  —2.35  x  108cm,  and  S  =  —1.07  x 

mil 

10  8  cm-1. 


Figure  3:  The  maximum  number  density  10_6n  ( Solid 
line)  and  The  temperature  1Q~2T(K)  ( Dashed  line)  vs 
potential  difference  U(eV). 

From  Fig.  2  and  Fig.  3,  we  can  see  how  the  profile  can 
be  changed  as  the  potential  between  two  shells  is  changed. 
The  figures  show  that  smaller  potential  difference  gives 
wider  annular  profile.  They  also  show  that  the  tempera¬ 
ture  decreases  as  the  difference  goes  down,  which  means 
that  the  trap  can  be  used  to  cool  an  electron  plasma. 

3  FINITE-LENGTH  EQUILIBRIUM 

For  the  case  of  a  finite  length  column,  the  number  density 
and  the  potential  are  independent  of  0  and  those  are  deter¬ 
mined  by  three  parameters,  7,  A Vc,  and  AVo(  see  Fig.  1 
)• 

In  this  case,  the  dimensionless  Poisson  equation  can  be 


2785 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


reduced  to 


4  CONCLUSION 


1  d  dip  d2ip 
pdpP  dp  +  d(2 


=  -  (1  +  7) 


(8) 


where  the  potential  dependency  of  source  term  in  the  right- 
hand  side  makes  it  more  difficult  to  solve  the  equation. 

We  solve  this  equation  numerically  by  using  a  nonlinear 
variant  of  the  Gauss-Seidel  iteration  procedure  for  elliptical 
equations.  The  value,  V’tj.  at  a  grid  point  depends  on  the 
values  of  the  nearest  grid  points,  tpi+i,j,  V’i-ij.  ipi,j+ 1> 
ipij- 1,  and  ipij  itself  because  the  source  term  depends  on 
ip.  Therefore,  the  relation  can  be  of  a  form 


V’iJ  — /(V’i.j)  V’i+lJ)  V’i— 1,J >  lAij'+l)  V’iJ-l)-  (9) 


Finally  the  equation  can  be  reduced  to 


i 


[—A p2(e^>i’i  -  1  -  7) 


2(1  +  ££) 


+ 


A  p2 
AC 


(V’S+i  +  C-i)]- 


(n) 


(10) 


With  the  convergence  condition,  |  <  <5  for 

sufficiently  small  S(  =  10-4  ),  the  equilibrium  is  obtained. 

Since  the  length  is  sufficiently  large  compared  to  radius 
of  outer  shell,  we  may  suppose  that  the  cross  section(z  = 
constant )  near  the  center  should  coincide  with  the  one  di¬ 
mensional  solution  that  is  independent  of  6  and  z,  and  that 
the  profile  varies  little  with  z  in  the  central  region  far  from 
the  end  sections  of  outer  shell.  Our  numerical  solution  does 
bear  this  out.  Fig.  4  shows  the  two  dimensional  density  dis¬ 
tribution. 


Modified  Penning  traps  allows  us  to  confine  and  cool  elec¬ 
tron  plasma  both  radially  and  axially  with  two  potential 
differences.  By  changing  the  radial  potential  difference 
slowly,  all  physical  parameters  including  temperature  can 
be  controlled.  In  the  adiabatic  process,  the  plasma  is  wider 
and  colder  as  the  potential  difference  is  smaller. 
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Figure  4:  The  2D  density  profile  n(r,  z)/n  near  the  z  = 
— L  in  isothermal  process.  Here,  L  =  200Ac>,  r\  = 
40Ad,  r2  =  80Ad,  7  =  1.0  x  10~5,  V  =  3.70  V, 
AVc  =  12.30  V,  AV0  =  12.30  V,  T  =  118.33  A,  and 
A d  —  5.0  x  10-2  cm. 
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Abstract 

The  TTF  Free  Electron  Laser  needs  very  short  bunches  to 
produce  self-amplified  spontaneous  emission  (SASE).  This 
short  bunch  length  is  produced  in  a  magnetic  bunch  com¬ 
pressor  where  the  trajectories  of  particles  with  different  en¬ 
ergy  have  different  path  length  in  a  way  that  the  bunch  is 
longitudinally  compressed.  As  a  parasitic  effect  the  wake 
fields  produced  by  the  passing  bunch  will  have  the  pos¬ 
sibility  to  interact  with  the  bunch  itself  and  cause  emit- 
tance  growth.  The  high  frequency  behaviour  of  the  beam 
pipe  in  the  bunch  compressor  has  to  be  analysed  in  or¬ 
der  to  identify  trapped  higher  order  modes  (HOM)  and  to 
estimate  beam  distortion.  Because  of  the  complexity  of 
the  bunch  compressor  section  direct  eigenmode  calculation 
is  not  possible  due  to  lack  of  available  computer  power. 
A  technique  is  presented  which  allows  to  compute  eigen- 
modes  of  rf-structures  by  using  scattering-parameters  of 
subsections  of  the  bunch  compressor.  This  is  done  numer¬ 
ically  based  on  the  computer  code  MAFIA  to  model  the 
different  sections  of  the  beam  pipe. 


1  INTRODUCTION 

Numerical  eigenmode  calculations  for  complex  compo¬ 
nents,  such  as  the  TTF  bunch  compressor,  are  limited  by 
the  available  computer  power,  especially  the  available  stor¬ 
age.  In  this  paper  a  hybrid  technique  is  presented  to  calcu¬ 
late  eigenmodes  and  wakefields  of  geometrically  complex 
structures  via  domain  decomposition  and  mode  matching. 

The  bunch  compressor  splits  up  into  several  subsec¬ 
tions  which  are -less  complex  and  may  be  simulated  indi¬ 
vidually  with  much  smaller  numerical  effort  of  each  sin¬ 
gle  run.  Since  only  the  complete  closed  structure  re¬ 
sults  in  the  eigenvalue  problem  determining  eigenmodes 
and  -frequencies,  a  splitting  has  to  be  done  in  terms  of 
waves  propagating  between  the  sections  described  here  us¬ 
ing  scattering-(S-)parameters. 


2  BASIC  IDEA 

A  rf-component  can  be  represented  by  scattering-  or  S- 
parameters  which  describe  signal  reflection  and  transmis¬ 
sion  between  each  of  the  ports.  It  can  be  summerized  in  the 


scattering-matrix  S: 


b  = 


Sin  \ 


(1) 


with  a  =  (aj, . . .  ,  a„)T  representing  all  input-  and  b  = 
(6i, . . .  ,  bn)T  the  output  signals.  Sjy  describes  the  trans¬ 
mission  of  the  signal  from  port  i  to  j ;  it  is  a  complex  func¬ 
tion  of  frequency:  Sij  =  exp{j<pij(w)} 


Figure  1:  Describing  a  chain  of  rf-components  with  S- 
parameters. 


The  S-parameter  formalism  allows  to  connect  several 
structures  by  combining  their  S-parameters  (see  [1]): 

s«  =  s(1)  ©  S(2)  ©  S<3> ...  (2) 


To  solve  for  a  resonator  the  open  ports  of  the  structure 
have  to  be  closed  which  yields  an  eigenvalue  problem.  This 
is  done  by  setting  Oi  =  r\b\  and  a2  =  r2b2  and  leads  to 


For  example  setting  n  =  r2  =  —  1  will  create  a  loss  free 
electric  short  cut  at  both  ports.  In  general  r\  and  r2  also 
depend  on  w. 

The  eigenfrequencies  are  given  by  the  solutions  of 

det(SR  -  E)  =  0  (4) 


with  R  = 
alent  to 


and  E  the  unity  matrix.  This  is  equiv- 


S8r1£$r3-S$r1-Sgr2  + 
1  -  S^nS^r2  =  0 


(5) 


3  SIMPLE  TEST  EXAMPLE 

To  verify  the  formulation  given  above  a  handy  test  geom¬ 
etry  was  modelled  (see  Fig.  2).  Its  eigenmodes  could  be 
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Figure  2:  Test  geometry  with  the  .E-field  of  the  third  mode 
found  by  MAFIA,  the  boundaries  are  closed  electrically. 


calculated  directly  with  the  MAFIA  [2]  E-module.  Both 
ports  are  closed  electrically  (rj  —  —  -1).  The  test  ge¬ 

ometry  consists  of  two  identical  subsections  of  waveguide, 
each  with  an  asymmetrically  placed  iris. 

Assuming  a  reciprocal  (Smn  =  Snm)  and  loss-free 
(S*S  =  E)  structure  in  the  simple  case  of  a  single  prop¬ 
agating  mode  equation  (5)  leads  to  the  following  equation 
for  the  eigenfrequencies  ujq\ 

sin(v5n  (w0)  -  ip[^ (w0))  =  |Sn(w0)|  sin^^  (wo))  (6) 

The  S-parameters  of  one  subsection  were  calculated  with 
MAFIA  in  time  domain  for  frequencies  of  1.2  ...  1.6  GHz. 

Fig.3  shows  the  plot  of  the  left  and  right  hand  side  of 
(6)  in  this  interval.  The  eigenfrequencies  are  given  by  the 
intersections  of  both  plots.  As  shown  in  table  1  the  direct 
eigenmode  calculation  and  the  calculation  via  S-parameters 
correspond  very  good. 

The  presented  procedure  allows  to  divide  a  complex 
structure  into  smaller  subsections  for  which  S-parameters 
can  be  calculated  with  a  reasonable  amount  of  computer 
power.  Combining  the  single  results  yields  the  S-parameter 
matrix  of  the  total  structure  and  their  eigenfrequencies. 


f  [GHz] 

Figure  3:  Plot  of  sin(</?|^  -  <p$)  =  |S^|  sin(y4^ )  versus 
the  frequency  (/  =  1.2 . . .  1.6GHz). 


S-parameters 

MAFIA  E-mod. 

rel.  error  in  % 

1.243639  GHz 

1.243016  GHz 

0.50 

1.283487  GHz 

1.283967  GHz 

-0.04 

1.363857  GHz 

1.363793  GHz 

0.005 

1.419875  GHz 

1.420691  GHz 

-0.06 

1.461280  GHz 

1.459711  GHz 

0.11 

1.588825  GHz 

1.589970  GHz 

-0.07 

Table  1 :  Comparison  of  the  eigenfrequencies  found  by  the 
S-parameter  method  and  by  MAFIA  E-module. 


4  THE  TTF-FEL  BUNCH  COMPRESSOR 

Figure  4  shows  the  bunch  compressor  section  with  the  two 
junctions  and  the  middle  chamber.  The  straight  part  of  the 
beam  pipe  is  not  modelled  because  its  cut-off  frequency 
fco  is  3.0  GHz.  So  there  are  no  propagating  modes  in  the 
frequency  range  of  1.6 .. .  2.2  GHz.  The  middle  chamber 
itself  can  be  subdivided  again:  two  steps,  two  bellows  and 
a  flange  used  for  a  vacuum  pump  and  a  beam  position  mon¬ 
itor. 


Figure  4:  The  TTF-FEL  bunch  compressor  section. 


4.1  Exploiting  the  Symmetry 

The  overall  length  of  the  bunch  compressor  is  about  4.5 
meters,  whereas  some  of  the  subsections  contain  structures 
with  a  dimension  in  the  order  of  5  mm  (bellows).  This 
may  illustrate  the  difficulty  of  proper  discretisation  of  the 
complete  structure. 

The  subsections  can  be  chosen  in  such  a  way  that  they 
show  symmetries  (except  the  step).  This  allows  to  calculate 
the  full  S-parameter  matrix  in  a  single  run. 

4.2  Terminating  the  Structure 

The  beam  pipes  at  the  outermost  parts  of  the  junctions 
are  rectangular  waveguides  with  a  cut-off  frequency  of 
3.0  GHz.  The  cut-off  frequency  of  the  inner  part  of  the 
junction  section  is  1.66  GHz,  cut-off  frequency  of  the  sec¬ 
ond  propagating  mode  in  the  middle  section  is  2.32  GHz. 
Therefore  a  frequency  range  of  1.7 .. .  2.2  GHz  was  cho¬ 
sen  for  this  calculation.  Within  this  frequency  range  multi¬ 
modal  wave  propagation  can  be  excluded  and  the  junctions 
“naturally”  terminate  the  structure.  Thus  they  are  described 
by  a  single  quantity,  a  frequency  dependent  reflection  co- 
effient  r(u>). 
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With  ri  =  r2  =  r  the  equation  for  the  eigenffequencies 
then  turns  into 


(Su  (&o)  +  S22  (uJt)))r(uj0)  4-1  =  0 


4.3  Results 

All  S-parameters  were  calculated  using  MAFIA’s  time  do¬ 
main  solver  T3.  Due  to  different  mesh  and  time  steps  the 
data  set  of  each  S-parameter  calculation  has  different  fre¬ 
quency  steps.  This  requires  interpolation  when  concatenat¬ 
ing  the  subsections,  (cf.  eq.  (2)): 

The  eigenffequencies  found  by  examinating  the  result¬ 
ing  data  set  (linear  interpolation)  are  1.79449,  1.81490, 
1.82200,  1.84152,  1.86134,  1.88619,  1.90186,  1.91547, 
1.95155,  1.95658,  2.02550,  2.07312,  2.08820,  2.10578, 
2.11272,  2.13198  and  2.16954  GHz.  Fig.5  displays  a 
plot  of  the  real  and  imaginary  part  of  the  left  hand  side 
of  (7)  in  the  frequency  range  of  2.0... 2.1  GHz  (up¬ 
per  plot)  with  eigenffequencies  at  2.02550,  2.07312  and 
2.08820  GHz.  The  lower  plot  (frequency:  2.0 ...  2.1  GHz) 
shows  eigenffequencies  at  2.10578,  2.11272,  2.13198  and 
2.16954  GHz. 
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5  CONCLUSION 

The  S-parameter  formalism  offers  a  possibility  to  calculate 
eigenffequencies  of  a  structure  that  is  too  complex  for  di¬ 
rect  simulation.  A  validation  for  this  procedure  was  given 
in  the  case  of  a  simple  test  geometry.  Even  though  the 
overall  effort  of  this  method  is  higher  than  that  of  the  di¬ 
rect  calculation  this  procedure  enables  the  computation  of 
eigenffequencies  of  complex  structures  in  cases  where  this 
would  exceed  the  limits  given  by  computer  storage  usually 
available. 

As  described  above,  for  the  time  being,  the  frequencies 
calculated  for  the  bunch  compressor  section  can  not  be 
compared  with  direct  eigenmode  calculation  but  have  to  be 
measured  for  validation. 

6  PROSPECT 

To  calculate  the  wakefields  using  the  mode  matching 
method  furthermore  the  electromagnetic  fields  correspond¬ 
ing  to  the  eigenffequencies  have  to  be  known.  They  can 
be  determined  by  exciting  monochromatic  waves  with  the 
eigenffequencies  at  each  port  of  each  section  and  calculat¬ 
ing  the  fields  in  the  steady  state.  Superposition  of  the  steady 
state  fields  yields  the  eigenmode  fields  of  the  total  structure 
in  each  component. 
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(7)  vs.  frequency. 
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Abstract 

Dipole  Magnets  is  one  of  a  set  of  self-paced  interactive 
training  tutorials  on  particle  accelerators  that  target  a 
broad  audience.  It  covers  the  bending  and  focusing 
properties  of  dipole  magnets.  The  tutorial  contains  five 
sections,  four  of  which  are  accessible  to  undergraduate 
science  majors  and  accelerator  technicians. 

1  INTRODUCTION 

Four  years  ago  WhistleSoft,  Inc.,  began  developing  a  set 
of  computer-based  multimedia  tutorials  on  particle  ac¬ 
celerators  and  charged-particle  beams.  We  originally 
designed  the  Accelerators  and  Beams  tutorials  for  the 
academic  market.  Our  publisher,  Physics  Academic 
Software,  is  in  fact  marketing  four  earlier  pieces  to  that 
audience. 

However,  we  have  always  had  in  mind  that  we  might 
eventually  customize  these  tutorials  for  particular  pur¬ 
poses  by  National  Laboratories  running  accelerators  and 
by  companies  producing  accelerators  for  commercial 
uses.  Thus  we  have  taken  pains  to  keep  as  much  mate¬ 
rial  as  possible  at  a  level  that  it  is  comprehensible  to 
lower  undergraduates  and  accelerator  technicians.  In 
fact,  most  of  our  work  up  to  the  development  of  Dipoles 
can  be  understood  by  end-users  who  have  taken  an  alge¬ 
bra-based  introductory  physics  course. 

Dipole  Magnets,  like  its  brothers,  integrates  interac¬ 
tive  On-Screen  Laboratories™,  hypertext,  progressive 
disclosure  (so  the  student  chooses  the  pace  of  presenta¬ 
tion),  line  drawings,  and  photographs.  Of  particular  im¬ 
portance,  we  feel,  is  the  use  of  two-  and  three- 
dimensional  animations  to  illustrate  the  sometimes  geo¬ 
metrically  complex  concepts  involved  in  electromagnet¬ 
ism.  We  also  strongly  feel  that  these  multimedia  tech¬ 
niques  enhance  the  student’s  rate  of  learning  and  length 
of  retention  of  the  material  studied. 

Our  tutorials  are  available  for  both  Windows  and 
Macintosh  platforms  in  essentially  equivalent  versions. 


‘Work  supported  by  the  U.S.  Department  of  Energy  under  a  Phase  II 
sbir  grant.  Email:  silbar@whistlesoft.com:  Web  pages: 
http://www.whistlesoft.com/~silbar 


2  TUTORIAL  CONTENTS 

The  Dipoles  module  consists  of  43  Content  pages,  29 

Question  and  Answer  pages,  and  includes  Laboratories. 

The  tutorial  is  presented  in  five  sections: 

•  Uniform  Bending  Magnets,  including  discussion 
of  bending  angle,  magnetic  rigidity,  radial  focus¬ 
ing,  and  radial  betatron  oscillation. 

•  Non-Uniform  Magnets,  including  definition  of 
field  index  and  vertical  focusing. 

•  Fringe  Field  Effects,  including  a  demonstration 
of  edge  focusing  or  defocusing. 

•  The  Kerst-Serber  Equation,  in  which  the  re¬ 
storing  force  equation  (“tune”)  is  derived.  This 
section  is  more  difficult  than  the  others  in  that 
some  knowledge  of  calculus  and  Maxwell’s 
Equations  is  assumed. 

•  The  Double-Focusing  Spectrometer,  which  is  es¬ 
sentially  an  example  bringing  together  all  of  the 
above  material.  Students  who  have  worked 
through  the  Kerst-Serber  section,  will  understand 
why  field  index  n  =  Vj  is  optimal  for  such  a  device 
and  why  the  total  bend  angle  is  n  V2  radians.  Fig¬ 
ure  1  shows  the  concluding  page  of  this  section. 


Dipule  Magnets  _ ME 


!^b;'  Nsvt9»&ori4B«p<3*  - iv 

Double  Focusing  Spectrometer  II 

If  the  field  inde:c  n  lies  between  0  and  1 ,  both  radial  and  vertical  focusing  occur 
\  The  case  shown  here  is  for  n  -  1/2,  which  is  optimum  for  many  purposes. 


:»««!  "«H  4a]  JjJJ 


Figure  1 :  Double  focusing  spectrometer  page. 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


2790 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


3  EXAMPLE  OF  RADIAL  FOCUSING 

The  first  section,  on  uniform  bending  magnets,  also  goes 
into  a  number  of  related  topics  that  are  simple  enough, 
but  not  necessarily  obvious  to  the  neophyte.  Figure  2 
shows  the  page  that  discusses  how  such  uniform  magnets 
can  provide  focusing  in  the  radial  direction. 


Uniform 

Stn&tnt-  (geart-al) 


Radial  Focusing 


Next,  consider  a  particle  with  the  same  momentum 
as  the  reference  particle  but  with  a  larger  initial 
radial  position  It  will  have  a  longer  path  tn  the 
fl-field  region,  and  thus  will  be  bent  through  a 
greater  angle  by  the  time  it  exits.  I 

The  bend  radius  p  is  the  same  for  both  paths,  since 
the  particles  have  the  same  charge  and  velocity. 


Likewise,  a  particle  with  a  smaller  radial  position 
will  be  bent  less. 

This  simple  magnet  has  radial  focusing  properties! 


DpOlS 
ID  (gmefftl) 


B  (pointing  out) 


'•'cj  |vjgj  yy 


id  iiiJ 


to  that  which  the  student  may  already  have  seen  in  Sec¬ 
tion  1 ,  but  in  the  radial  plane).  This  page  is  reproduced 
in  Fig.  3. 


When/?  >  0  we  have  vertical  focusing  forces.  In  the  central  plane  of  the  magnet, 
the  vertical  forces  are  zero,  so  a  particle  moving  in  that  plane  makes  a  good 
reference  trajectory. 

Just  as  in  the  radial  case,  we  can  plot  the  difference  in  height  between  the  reference 
particle  and  another  particle  which  is  initially  displaced  from  it  If  n  -  1 ,  we  obtain 
one  vertical  oscillation  for  each  revolution  of  the  reference  particle: 


Rt-dc- 

Amalica 


3-D  Movie, 
ofcfiiju*  vitw  .* 


rate]  map  \ 


Figure  3:  Vertical  betatron  oscillation  page. 


Figure  2:  Radial  focusing  page. 

This  page  is  opened  in  progressive  disclosure,  one  para¬ 
graph  at  a  time,  with  the  student  in  control  of  when  to 
proceed  to  the  next  paragraph.  (On  subsequent  returns  to 
this  page,  such  as  through  a  hyperlink,  the  page  opens 
without  waiting  for  the  student’s  prompt,  but  with  short 
pauses  between  the  various  sections.)  The  red  particle 
paths  are  animated,  and  the  “Derivation”  button  leads  to 
a  page  showing  how  the  geometry  leads  to  a  focusing 
effect. 

Among  the  buttons  at  the  bottom  of  the  page,  the  third 
from  the  left  (with  the  question  mark)  leads  to  a  set  of 
multiple  choice  questions  that  the  student  can  use  to  test 
his  or  her  comprehension  of  the  concept  being  discussed. 
The  number  of  correct  answers  to  these  questions,  as 
well  as  a  record  of  how  much  of  the  tutorial  the  student 
has  seen,  is  available  from  the  “Report”  pulldown  menu 
item  at  the  top  of  the  page. 

Another  button,  fourth  from  the  left,  leads  to  a  Labo¬ 
ratory,  in  which  the  student  can  vary  the  displacement, 
A p,  from  the  principal  axis.  In  this  case,  that  also  shows 
very  graphically  the  aberrations  that  arise  when  this  dis¬ 
placement  becomes  too  large.  Other  buttons  here  take 
the  student  back  to  the  Table  of  Contents,  to  a  hyper- 
linked  Concept  Map,  to  the  last  page  visited,  and  to  the 
previous  and  next  pages  in  this  framework  for  the  uni¬ 
form  magnet  section. 


4  EXAMPLE:  BETATRON  OSCILLATION 

Section  2,  on  non-uniform  magnets,  discusses  the  verti¬ 
cal  focusing  effect  that  occurs  when  the  magnet’s  field 
index  n  >  V2.  This  leads  to  a  betatron  oscillation  (similar 


This  page  also  opens  with  progressive  disclosure,  and 
when  the  figures  appear,  the  program  traces  out  the  red 
particle  orbit  at  the  same  time  that  it  plots  the  deviation 
from  the  principal  axis  on  the  right.  There  is  a  hyperlink 
(the  blue,  underlined  “radial  case”)  back  to  the  page  in 
Section  1  discussing  radial  betatron  oscillation.  The 
animation  can  be  replayed,  as  desired.  The  other  two 
“movie”  buttons  show  the  animation  much  more  realisti¬ 
cally  in  three  dimensions,  both  from  the  side  and  from  a 
more  oblique  point  of  view. 

5  AN  INTERMEDIATE-LEVEL  PAGE 

The  previous  three  figures  have  blue  background  bor¬ 
ders,  indicating  they  are  at  an  introductory  level.  In 
Section  3  there  are  a  few  pages  at  an  intermediate  level, 
such  as  that  shown  in  Fig.  4: 


Magnetic  Field  Lines  Loop 


ES 


Dfia 


In  contrast,  magnetic  field  lines  are 
always  closed  loops.  They  have  no 
beginning  or  end.  The  loops  surround 
currents  of  moving  electric  charges. 


AAA— 


This  is  because  there  aren't  any  j 

magnetic  charges  Or,  as  Maxwell  put 

it, 

. Ar  jir.dtioc  cl  s  magnetic 

V  1  B  =  0  f||J  fM*i  wound  4  r'xjsr-X- 

'  cwiymgwwi. 


The  vector  field  B(r ,y,z)  has  no  divergence,  only  a  curl  [around  the  current 
density  J0c,/,z)], 

V  xB=47i  J/c. 


jft!  iiiil 


Figure  4:  Intermediate-level  page  from  Section  3. 
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The  beige  borders  indicate  this  change  of  level.  We 
called  this  page  “Intermediate”  because  of  the  differen¬ 
tial  form  of  Maxwell’s  equations. 

Figure  4  also  shows  the  end-frame  of  the  3D  anima¬ 
tion  showing  the  build-up  of  magnetic  field  about  a  cur¬ 
rent  carrying  wire  as  the  current  turns  on. 


6  POP-UP  WINDOWS 

The  blue  underlined  word  “aren’t”  that  you  see  in  Fig  4 
looks  like  a  hyperlink  to  a  new  page,  but  in  this  case  it 
really  brings  up  a  temporary  pop-up  window  (mentioning 
the  lack  of  magnetic  monopoles  in  the  universe  as  we 
now  know  it).  Figure  5  shows  a  similar  pop-up  window 
that  occurs  in  Section  5,  on  the  double  focusing  spec¬ 
trometer. 


M  ffcb, 

iBimrsple 

Student  (jpaeral) 


Double  Focusing  Spectrometer  I 
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Half  nf  the  Spectrometer 
(laying  on  the  floor) 
Electrical  connections 


North  Pole  piece 

Note  that  its  face  is  flat  but 
at  an  angle  to  the  midplane. 

(The  "ndg«  j“  you  t »»  are  really 
jurt  machining  mazki ) 

Exit  port 

Clwk  anywhete  or  press  any  key  to  remove 
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•  Overview,  indicating  why  quads  are  used  in 
charged-particle  beam  transport. 

•  Quadrupole  Singlets,  with  a  discussion  of  thick- 
lens  quads  as  well  as  thin-lens  quads. 

•  Matrix  Transport,  quads  and  drifts. 

•  Systems  of  Quads,  doublets  and  triplets. 

•  Special  Topics:  fringe  field  effects,  higher-order 
multipoles,  and  harmonic  analyzers. 

•  Arrays  and  Stability  of  Beams,  using  a  FODO 
cell  and  array  as  an  example. 

The  first  two  sections  are  at  an  introductory  level,  the 
next  three  are  intermediate,  and  that  last  is  advanced. 
Quads  should  be  submitted  to  our  publisher  for  review 
sometime  early  this  summer. 

The  other  tutorial  in  development,  but  still  in  rough 
form,  is  Properties  of  Charged-Particle  Beams.  This 
piece  will  cover  topics  such  as  the  definition  of  beam 
size,  phase  space,  beam  envelopes,  and  space  charge 
effects.  We  hope  to  have  Beams  ready  for  review  by  this 
fall. 
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Figure  5:  Pop-up  window  from  Section  5. 

The  photograph  shown  here  (with  its  callouts)  is  of  the 
LAMPF  Clamshell  Spectrometer,  which  was  used  for 
low-energy  pion-nucleus  scattering  experiments  in  the 
last  decade  of  LAMPF’s  existence  as  a  meson  factory. 


7  SUMMARY,  FUTURE  DIRECTIONS 

This  brief  overview  of  the  Dipole  Magnets  tutorial 
should  convince  you  that  it  can  provide  good  self-paced 
training  on  this  subject.  It  should  be  particularly  useful 
both  to  new  students,  undergraduate  and  graduate,  and  to 
accelerator  technicians  and  operators. 

Dipoles  will  be  available  from  Physics  Academic 
Software  later  this  year. 

WhistleSoft  expects  to  complete  this  project  with  two 
other  tutorials.  The  one  closest  to  completion  is  entitled 
Quadruples,  and  it  will  consist  of  six  sections: 
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VECTOR  POTENTIAL  AND  STORED  ENERGY  OF 
A  QUADRUPOLE  MAGNET  ARRAY 


S.  Caspi,  LBNL,  Berkeley,  CA 


Abstract 

The  vector  potential,  magnetic  field  and  stored  energy  of  a 
quadrupole  magnet  array  are  derived.  Each  magnet  within 
the  array  is  a  current  sheet  with  a  current  density  propor¬ 
tional  to  the  azimuthal  angle  20  and  the  longitudinal  peri¬ 
odicity  .  Individual  quadruples  within  the  array 

are  oriented  in  a  way  that  maximizes  the  field  gradient. 
The  array  does  not  have  to  be  of  equal  spacing  and  can  be 
of  a  finite  size,  however  when  the  array  is  equally  spaced 
and  is  of  infinite  size  the  solution  can  be  simplified.  We 
note  that  whereas,  in  a  single  quadrupole  magnet  with  a 
current  density  proportional  to  cos20  the  gradient  is  pure, 
such  purity  is  not  preserved  in  a  quadrupole  array. 


The  quad  current  density  J  (A/m)  (a  form  that  satisfies  the 
conservation  condition  V  •  fs  =  +  j j  =  0),  is  : 


J{0,z)\r=R 


Jo 


z,m 


m— 1 


{— J811 


sin20sinwmze0-f 
cos  20  cos  uirnzez 


_ 1 _ 8J?G2,m 

/io  {UmRfK^R) 
(2m  —  1 )  7r 
L 


G2,m  is  gradient  at  z=0  and  L  denotes  the  half  period. 


1  INTRODUCTION 

It  has  been  proposed  that  commercial  electricity  can  be 
generated  economically  from  ion  beam-driven  fusion  of 
deuterium  and  tritium  in  tiny  target  pellets  [1].  A  lead¬ 
ing  driver  candidate  is  a  high  energy,  high  current  heavy 
ion  accelerator.  To  achieve  high  currents  it  is  generally 
desirable  to  accelerate  multiple  beams  in  parallel  through 
a  low  impedance  accelerating  structure;  a  long  pulse  in¬ 
duction  linac  can  be  designed  to  do  this.  Efficient  trans¬ 
port  of  beam  current  in  the  multibeam  accelerator  would 
be  accomplished  with  multiple  channel  superconducting 
quadrupole  magnets  operating  in  a  DC  mode  with  warm 
bore[2]. 

The  vector  potential  and  the  magnetic  field  have  been 
derived  for  an  array  of  quadrupole  magnets  with  a  thin 
cos(20)  current  sheet  at  a  radius  r=R.  [3][4],  The  field 
strength  within  each  coil  varies  purely  as  a  Fourier  sinu¬ 
soidal  series  of  the  longitudinal  coordinate  z  in  proportion 
to  wmz,  where  wm  =  (2m£1),r  t  l  denotes  the  half -period, 
and  m  is  an  integer  associated  with  the  longitudal  har¬ 
monic.  The  analysis  is  based  on  the  expansion  of  the 
vector  potential  in  the  region  external  to  the  windings  of 
a  single  quad,  and  the  use  of  the  “Addition  Theorem”  to 
revise  the  expansion  to  one  around  any  arbitrary  point  in 
space. 


Quadrupoles  are  combined  into  an  array  with  a  center  to 
center  spacing  of  2S  and  alternating  current  direction  that 
maximizes  the  gradient  (Fig.  1  and  2). 


current  density  arrangement 
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Figure  2:  View  of  a  3x3  quadrupole  array.  The 
windings  (of  constant  current)  correspond  to  three  terms 
m=l,2,3  which  provide  axial  free  space  between  arrays. 

Based  on  such  a  current  distribution  the  resulting  vector- 
potential  A  and  magnetic  field  B  within  the  bore  R  of 
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each  quad,  are: 
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/V4jfe  5 itj  )  COS  4£0oi,j 

1672(wmJg)/wmit;\4fc-2 
(4* -3)!  V  2  y 


''fc.m 


=  EE 

8  =  1  j  =  1 


■^4(fc-l)(wmSi  j  )  C0s4(/b 

A  4i  (wm  )  cos  Ak9oij 

16l'2(u,mR)  fu>mR\4k~1 
X  (4* -3)!  ^  2  ; 


Where  In  and  Kn  are  the  “modified”  Bessel  functions 
of  the  first  and  second  kind  of  order  n,  and  the  prime 
denotes  differentiation  with  respect  to  the  argument.  The 
summation  i,j  is  carried  over  the  quads  in  the  first  octant 
of  the  array. 

The  magnetic  field  components  are, 


y,  voJoz.m  y, 
Br  =  m= 1 


k  =  l 


W mR 


4k  — 3 


(4* -3)! 


x  Ck,mh(2k-i)(umr)  sin2(2k  -  l)0coswmz 


^  ^  PqJo z,m  y  ' 

Be  =  m=1 


W mR 


x  C, 


k,m " 


k—1 

h(2k-l)(lJm1') 


4k  — 3 


2(2 k  -  1)(4 k  -  3)! 


wmr 


cos  2(2 k  —1)9  cos  wmz 


/  2  \  4fc  — 3 

E/'o^.mE  — p  (4* -3)! 

=  -m^l  k  =  1\^mRJ 

x  cV,m/2(2fc-i)(wmr)sin2(2fc  -  l)f?sinwmz 


The  format  used  here  for  A  and  B  was  specifically  chosen 
to  avoid  a  singularity  that  may  rise  when  L  is  large  (e.g. 
when  the  3d  problem  reduces  to  2d). 


2  ANALYSIS 


Consider  a  quadrupole  with  its  center  at 
(Sij  cos  #o ,  Sij  sin  9o ,  z)  as  shown  in  Fig.  3. 

The  expansion  of  the  vector  potential  in  the  region 
outside  the  current  sheet  (p> R)  and  around  that  center  is, 


PqJq  z  ,mR 


(i jJmR )  cos  2/?  sin  wmz 

’<3^mp)  -  h(umR)K 
(u>mR)  sin  2/?  sin  u>mz 


4  =  E  4 

m=X  [h(UmR)K3(UmP)  ~  h(^mR)Kl(^mp)\ 
PoJoz  ,mR  { 

As  =  E 


=  1  [h(UmR)K3(ump)  +  h(UmR)Kl(ump)] 

Az  —  y  '  po  Jqz ,mR^2 {^mR) R 2  j^mP)  COS  2/9 COS  tOm Z 


m=z  1 


The  relations  between  the  components  of  the  vector 
(Ar,  Ae,  Az)  around  ( r,9,z )  and  the  above  components 
(Ap,Ap,Az)  are, 


Ar  =  Ap  cos  (9  —  /?)  +  Ap  sin  ( 9  -  (3) 
Ae  —  -Ap  sin  (9  —  /?)  +  Ap  cos  (9  —  /?) 
Az  =  Az 


Figure  3:  The  geometry  associated 
with  the  Addition  Theorem[5]. 


If  we  wish  to  consider  an  ininite  size  array  where  the  eight 
fold  symmetry  exists  for  each  and  every  quad  located  at 
,  Seie°  ,  we  shall  add  the  contributions  of  quads  with 
their  centers  at  Se~^±eA  ,  Se-A^9")  ,  Se~'<-V±e^ 
and  consider  farther  summations  to  be  within  the  first 
octant  only  (quads  on  the  symmetry  line  will  require  a 
weight  factor  of  1/2). 

Once  the  vector  potential  has  been  derived,  the  field  com¬ 
ponents  within  the  bore  R  can  then  be  calculated  from, 

B  =  V  x  A 


Finally  the  arithmatic  is  check  assuring  the  divergence  of 
the  vector  potential  and  field  are  zero 


VA  =  0  ,  V5  =  0 
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3  STORED  ENERGY  and  the  current  density  components  are, 


The  stored  energy  can  be  calculated  by  integrating  the 
product  of  current  density  and  vector  potential  J  ■  A\r-R  = 
JffAg  +  JZAZ: 


•  Adv  = 


J  ■  ARdOdz 


J  =  J02< 


(  0er 
7T  R 


2  L 


(2 M  -  1)  cos 


2(M-i  )™in«  3^206, 
L  L 


cos2M  1  cos  2 0ez 

Ju 


(the  current  density  is  per  unit  length  and  the  unit  of  energy 
is  J). 


Applying  the  orthogonality  relations,  the  stored  energy  in 
a  single  quad  is, 


Jo z  ,m  1 2  (wm  R)  X 

_  ttR  Lfio 

htatal  -  5  2^  /,  ,  m2  | 

m= 1 


8 


1  + 


4^ 


^mRYK'2^mR) 


2m-l  =  l 


2m— 1  =  1  and  2m— 1=3 


where  the  second  term  in  the  square  bracket  corresponds 
to  the  contributions  that  arises  from  all  neigboring  coils 
in  the  array. 


4  SIMULATION  OF  CURRENT 
DENSITY  AND  FLOW  LINES 

To  generate  flow  lines  we  make  use  of  a  technique  first 
demonstrated  by  J.  Laslett  and  W.  Fawley  of  this  lab¬ 
oratory.  The  character  of  the  flow  lines  (Figure  4)  for 
a  quadrupole  magnet  n=2  with  a  current  density  J  = 

£  Joz  ,m  [(“**)  sin  2 0  sin  uim  zeg  +  cos  20  cos  zez  ] 

m=l 

will  follow  by  integrating  the  differential  equation,  = 
so  that 

]E  Joz^ 

sin  29  =  m~1 - sin  29q 

/  v  Joz,m  COS UJmZ 
m= 1 

where  0O  denotes  the  value  of  0  at  z=0. 

In  a  special  case,  we  may  choose  special  values  for  Jo2,m 
such  that, 


2m-l  =  l  and  2m-l=3  and  2m- 1  =  5 


Figure  4:  View  of  flow  lines  over  a  half  period 
quad  (M=  1,2,3).  These  special  cases  reveal 
the  reduction  in  crowding  between  magnets  at 
the  expense  of  an  increased  non-linear  field. 

5  CONCLUSION 

The  3D  expressions  for  the  vector  potential,  field  and 
energy  have  been  derived.  We  note  that  neighboring  coils 
within  the  array  give  rise  to  harmonic  terms  (m)  which  do 
not  exist  in  a  single  quad  with  cos(20)  current  density.  We 
also  point  out  that  the  coefficients  associated  with  C£m 
in  the  vector  potential  drop  out  in  the  expressions  for  the 
field  and  energy. 
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Abstract 


In  this  paper  a  new  technique  for  the  accurate  calculation 
of  magnetic  fields  in  the  end  regions  of  superconducting 
accelerator  magnets  is  presented.  This  method  couples 
Boundary  Elements  (BEM)  which  discretize  the  surface 
of  the  iron  yoke  and  Finite  Elements  (FEM)  for  the  mod¬ 
elling  of  the  nonlinear  interior  of  the  yoke.  The  BEM-FEM 
method  is  therefore  specially  suited  for  the  calculation  of  3- 
dimensional  effects  in  the  magnets,  as  the  coils  and  the  air 
regions  do  not  have  to  be  represented  in  the  finite-element 
mesh  and  discretization  errors  only  influence  the  calcula¬ 
tion  of  the  magnetization  (reduced  field)  of  the  yoke.  The 
method  has  been  recently  implemented  into  the  CERN- 
ROXIE  program  package  for  the  design  and  optimization 
of  the  LHC  magnets.  The  field  shape  and  multipole  errors 
in  the  two-in-one  LHC  dipoles  with  its  coil  ends  sticking 
out  of  the  common  iron  yoke  is  presented. 

1  INTRODUCTION 

The  design  and  optimization  of  the  LHC  magnets  is  dom¬ 
inated  by  the  requirement  of  an  extremely  uniform  field 
which  is  mainly  defined  by  the  layout  of  the  superconduct¬ 
ing  coils.  Even  very  small  geometrical  effects  such  as  the 
insufficient  keystoning  of  the  cable,  the  insulation,  grad¬ 
ing  of  the  current  density  in  the  cable  due  to  different  ca¬ 
ble  compaction  and  coil  deformations  due  to  collaring,  cool 
down  and  electromagnetic  forces  have  to  be  considered  for 
the  field  calculation.  In  particular  for  the  3D  case,  com¬ 
mercial  software  has  proven  to  be  hardly  appropriate  for 
the  field  optimization  of  the  LHC  magnets.  Therefore  the 
ROXIE  program  package  was  developed  at  CERN  for  the 
design  and  optimization  of  the  LHC  superconducting  mag¬ 
nets.  Using  the  BEM-FEM  coupling  method  [1]  yields  the 
reduced  field  in  the  aperture  due  to  the  magnetization  of 
the  iron  yoke  and  avoids  the  representation  of  the  coil  in 
the  FE-meshes. 

2  THE  BEM-FEM  COUPLING  METHOD 

The  total  magnetic  induction  B  in  a  certain  point  £  in  the 
aperture  of  the  magnet  can  be  decomposed  into  a  contribu¬ 
tion  Bs  due  to  the  superconducting  coil  and  a  contribution 
Br  due  to  the  magnetic  yoke.  If  the  fields  are  expressed  in 
terms  of  the  magnetic  vector  potential  B  =  curl  A,  then  the 
decomposition  into  source  and  reduced  contributions  gives 

A  =  As+Ar.  (1) 


This  approach  has  the  following  intrinsic  advantages:  (1) 
The  coil  field  can  be  taken  into  account  in  terms  of  its 
source  vector  potential  As,  which  can  be  obtained  easily 
from  the  filamentary  currents  Is  by  means  of  Biot-Savart 
type  integrals  without  meshing  of  the  coil.  (2)  The  BEM- 
FEM  coupling  method  allows  for  the  direct  computation  of 
the  reduced  vector  potential  Ar  rather  than  the  total  vec¬ 
tor  potential  A.  Then  numerical  errors  do  not  influence 
the  dominating  contribution  As  due  to  the  superconducting 
coil.  (3)  The  surrounding  air  region  needs  not  to  be  meshed 
at  all.  This  simplifies  the  preprocessing  and  avoids  artifi¬ 
cial  boundary  conditions  at  some  ’’far”  boundaries.  More¬ 
over,  the  geometry  of  the  permeable  parts  can  be  modified 
without  taking  care  of  the  mesh  in  the  surrounding  air  re¬ 
gion.  This  strongly  supports  the  feature  based,  paramet¬ 
ric  geometry  modelling  which  is  required  for  mathematical 
optimization. 

When  the  BEM-FEM  coupling  method  is  applied,  only  the 
magnetic  sub-domain  which  coincides  with  the  mag¬ 
netic  yoke  has  to  be  discretized  by  finite  elements.  Iron 
saturation  effects  can  then  be  dealt  with  within  the  finite  el¬ 
ement  framework.  The  nonmagnetic  sub-domain  fla  which 
represents  the  surrounding  air  region  and  the  excitation  coil 
is  treated  by  the  boundary  element  method.  Only  the  com¬ 
mon  boundary  F  needs  to  be  discretized  by  boundary  el¬ 
ements.  The  source  vector  potential  As  can  be  obtained 
from  the  filamentary  current  Is  by  means  of  the  Biot-Savart 
type  integral 


In  (2),  the  Green’s  function  u*  is  the  fundamental  solution 
of  the  Laplace  equation,  which  is  in  2D 


and  in  3D 


47t|£  - 1] 

£  is  the  evaluation  point  of  As  and  x  is  the  integration  point 
on  C. 

2. 1  The  FEM  part 

Inside  the  magnetic  domain  f2j  a  gauged  vector-potential 
formulation  is  applied.  With  Maxwell’s  equations 
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curl#  =  J  and  div  B  =  0  for  magnetostatic  problems, 
the  constitutive  equation 

B  =  n(H)  ■  H  =  +  M)  (5) 

and  the  vector-potential  formulation  B  =  curl  A  we  get 

— curlcurlA  =  J  +  curlM.  (6) 

Mo 

Introducing  the  penalty  term  — grad^divA  the  weak  for¬ 
mulation  reads 


with  all  nodal  values  of  An, ,  Ara,  and  Qrai  grouped  in  ar¬ 
rays.  The  subscripts  ra;  and  fl;  refer  to  nodes  on  the  bound¬ 
ary  and  in  the  interior  of  the  domain,  respectively.  The  do¬ 
main  and  boundary  integrals  in  the  weak  formulation  yield 
the  stiffness  matrices  [ K ]  and  the  boundary  matrix  [T] . 
The  stiffness  matrices  depend  on  the  local  permeability  dis¬ 
tribution  in  the  nonlinear  material.  All  the  matrices  in  (12) 
are  sparse. 

2.2  The  BEM  part 


—  [  (curluJ  •  curlA  -I-  divuJdivA)  dflj 
Mo  Jn, 

<p  w  ■  (  -i-curlA  x  n  — —  (div A)n  )  dFaj 
/ra,  VmO  Mo  J 


/  M  ■  curlti;  dfi;  =  / 

J  J 


M  ■  curlti;  dfi; 
which  can  be  transformed  to 


w  ■  J  dfli  (7) 


—  /  grad(A  -  ea)  •  gradioa  dfl. 
Mo  Jn, 


-W 

Mo  Jr„ 


L 


dA 
dn\ 

M  ■  curlti;, 


(fioM  x  n,)J  •  wa  dTai  = 

'a  dfli  4-  /  wa  ■  J  dfi, 

Js 


a  =  1,2, 3  and 


(8) 


(9) 


The  continuity  condition  of  Ht  on  the  boundary  between 
iron  and  air  leads  to 


(0\ 

(o\ 

lUl  = 

0 

,  W2  ~ 

W2\  ,W3  = 

° 

\°) 

w 

w 

dA BEM 

(HoM  x  rii)  -| - ^ - =  0. 


dn\ 


9na 


(10) 


f?i  is  the  normal  vector  on  Taj  pointing  out  of  the  FEM 
domain  Oj  and  na  is  the  normal  vector  on  ra;  pointing  out 
of  the  BEM  domain  fla.  The  boundary  integral  term  on 
the  boundary  between  iron  and  air  ra;  in  (7)  serves  as  the 
coupling  term  between  the  BEM  and  the  FEM  domain.  Let 
us  now  assume ,  that  the  normal  derivative  on  Taj 


<3rai  = 


dA®EM 

_ 1  ai 

dn& 


(ID 


By  definition  the  BEM  domain  fla  does  not  contain  any 
iron  and  therefore  M  =  0  and  n  =  no.  One  more  integration 
by  parts  of  the  weak  integral  form  (8)  and  choosing  the 
Cartesian  components  of  the  vector  weighting  function  as 
the  fundamental  solution  of  the  Laplace  equation  yields 


with  the  abbreviation  q*  =  |^-.  The  right  hand  side  of 
Eq.  (13)  is  a  Biot-Savart  type  integral  for  the  source  vec¬ 
tor  potential  As.  The  vector  potential  A  at  any  arbitrary 
point  fo  e  fla  can  be  computed  from  (13)  once  the  vec¬ 
tor  potential  Apa,  and  its  normal  derivative  Qrai  on  the 
boundary  Tai  are  known.  ©  is  the  solid  angle  enclosed 
by  the  domain  fia  in  the  vicinity  of  fo.  For  the  discretiza¬ 
tion  of  the  boundary  rai  into  individual  boundary  elements 
rai,j,  C°-continuous,  isoparametric  8-noded  quadrilateral 
boundary  elements  are  used.  The  functions  Apa,  and  Qral 
are  expanded  with  respect  to  the  element  shape  functions 
and  (13)  can  be  rewritten  in  terms  of  the  nodal  data  of  the 
discrete  model, 

^A  =  AS  -  {Qral}  ■  {m}  -  {^rai}  •  {h}.  (14) 

In  (14),  g  results  from  the  boundary  integral  with  the  kernel 
it*  and  h  results  from  the  boundary  integral  with  the  kernel 
q*.  The  discrete  analogue  of  the  Fredholm  integral  equa¬ 
tion  can  be  obtained  from  (14)  by  successively  putting  the 
evaluation  point  fo  at  the  location  of  each  nodal  point  rj. 
This  procedure  is  called  point-wise  collocation  and  yields 
a  linear  system  of  equations, 


is  given  a  priori.  If  the  domain  is  discretized  into  finite 
elements  (^-continuous,  isoparametric  20-noded  hexahe¬ 
dron  elements  are  used),  and  the  Galerkin  method  is  ap¬ 
plied  to  the  weak  formulation,  then  a  non  linear  system  of 
equations  is  obtained 


(M  [*n,r„]  0  )  (&{' 

{[Kr.M]  [Kr.,rJ  [T]J 


[G]{<3rai}  +  [H]{Arai}  =  {As}.  (15) 

In  (15),  {As}  contains  the  values  of  the  source  vector  po¬ 
tential  at  the  nodal  points  fj,j  =  1,2,....  The  matrices 
[G]  and  [77]  are  unsymmetric  and  fully  populated. 

2.3  The  BEM-FEM  Coupling 

An  overall  numerical  description  of  the  field  problem  can 
be  obtained  by  complementing  the  FEM  description  (12) 
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by  the  BEM  description  (15)  resulting  in 


[^Tai] 

°  ^ 

0  'l 

[■^Tairai] 

[T] 

{^ral } 

= 

0 

V  0 

[H\ 

MJ 

U^raJ/ 

UA}/ 

(16) 


Equation  (15)  gives  exactly  the  missing  relationship  be¬ 
tween  the  Dirichlet  data  { Arai }  and  the  Neumann  data 
{ Qrai }  on  the  boundary  raj.  It  can  be  shown  [2]  that  this 
procedure  yields  the  correct  physical  interface  conditions, 
the  continuity  of  n  ■  B  and  n  x  H  across  raj. 

3  RESULTS 

The  Large  Hadron  Collider  (LHC)  to  be  built  at  CERN 
requires  high-held  superconducting  magnets  to  guide  the 
counter-rotating  beams  in  the  LEP  tunnel  with  a  circumfer¬ 
ence  of  about  27  km.  The  design  and  optimization  of  these 
magnets  is  dominated  by  the  requirement  of  an  extremely 
uniform  held,  which  is  mainly  dehned  by  the  layout  of  the 
superconducting  coils.  In  order  to  study,  with  a  fast  turn¬ 
around  rate,  the  influence  of  individual  coil  parameters, 
the  pre-stress  in  the  coil,  the  collar  material  and  the  yoke 
structures,  a  short-model  dipole  program  was  established 
at  CERN.  20  single-aperture  models  and  3  double-aperture 
models  have  been  built  and  tested  since  mid  1995  in  addi¬ 
tion  to  5  long-model  prototypes  built  in  European  industry. 
Unlike  in  the  main  dipole  prototypes  with  a  magnetic 
length  of  14.2  m,  the  held  quality  in  the  center  of  the  short 
dipole  models  (with  a  coil  length  of  1 .05  m  and  the  length 
of  the  magnetic  yoke  of  only  402  mm)  is  affected  by  the 
coil  ends.  In  order  to  study  systematic  effects  in  the  held 
quality  due  to  manufacturing  tolerances,  and  coil  deforma¬ 
tions  due  to  assembly  and  cool-down  of  the  magnet  it  is 
necessary  to  calculate,  with  a  high  precision,  the  3D  inte¬ 
grated  multipole  held  errors.  This  is  important  as  the  mea¬ 
surement  coil  used  at  present  has  a  length  of  about  200  mm 
(half  the  length  of  the  magnetic  yoke).  Fig.  1  shows  the  ge¬ 
ometric  model  of  the  coiltest  facility  (CTF).  Fig.  2  shows 
the  relative  multipole  components  63, 65  and  67  (related  to 
the  main  held  B\  of  8.2452  T  calculated  at  1 1530  A  for  the 
two  dimensional  model,  at  17  mm  ref.  radius,  in  units  of 
10-4  )  as  a  function  of  the  z-position.  z  =  0  is  the  center  of 
the  magnet.  The  iron  yoke  ends  at  z  =  201  mm. 

At  about  nominal  current,  the  63  component  in  the  center  of 
the  short  model  dipole  does  not  reach  the  2D  cross-section 
value  of  4.2  units  due  to  globally  different  saturation  ef¬ 
fects.  At  4000  A  the  63  shows  a  local  enhancement  of 
only  about  0.3  units  near  the  aperture  and  reaches  its  cross- 
section  value  of  2.9  units  about  100  mm  inwards  the  yoke. 
The  65  and  in  particular  b7  and  higher  order  multipoles  are 
little  influenced  by  three-dimensional  effects. 

4  CONCLUSION 

The  BEM-FEM  method  is  specially  suited  for  the  calcula¬ 
tion  of  3D  effects  in  superconducting  magnets,  as  the  coils 


Figure  1:  ROXIE  model  of  the  CTF 
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Figure  2:  Relative  multipole  components 
(at  r=  17  mm,  in  units  of  10~4)  as 
a  function  of  the  axial  position 

and  the  air  regions  do  not  have  to  be  represented  in  the 
finite-element  mesh  and  discretization  errors  only  influence 
the  calculation  of  the  yoke  magnetization.  The  method  has 
been  applied  to  the  calculation  of  multipole  errors  in  the 
short  dipole  models  for  the  LHC.  Results  show  that  the 
models  are  representative  for  the  long  dipole  prototypes 
only  at  low  and  medium  excitation.  At  nominal  excitation, 
the  sextupole  measured  in  the  center  of  the  magnet  is  more 
than  one  unit  lower  than  in  the  center  of  the  long  magnets. 
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Abstract 

The  special  code  has  been  developed  for 
numerical  simulation  of  the  multipactor  discharge  during 
long-time  INR  activity  in  the  development  and 
construction  of  accelerating  structures.  The  code 
simulates  the  secondary  emission  electron  trajectories  at 
different  levels  of  rf  field  using  real  electromagnetic  field 
distribution  (calculated  with  modern  2D  or  3D  software) 
in  the  cavity  that  has  a  complicated  boundary  shape. 
Special  implementations  have  been  developed  for  phase 
stability  investigations.  The  velocity  spread  of  secondary 
electrons  also  may  be  considered.  The  results  of  the 
simulations  were  compared  with  experimental  data, 
showing  good  coincidence. 

In  this  report,  the  methods  of  simulations, 
particularities  and  realization  of  the  code  are  described. 
The  examples  of  applications  for  discharge  simulations  in 
accelerating  cavities  also  are  presented. 

1  INTRODUCTION 

The  Multipactor  Discharge  (MD)  is  a  well- 
known  phenomenon  in  the  development  and  construction 
of  accelerating  cavities.  The  discharge  takes  place  at  a 
low  level  of  the  electric  field  and  usually  MD  can  be  seen 
during  rf  conditioning  of  accelerating  cavities.  However, 
in  some  regions  of  the  cavity  MD  may  take  place  at  the 
operating  level  of  the  electric  field  at  accelerating  gaps, 
deteriorating  parameters  of  the  cavity.  Many  papers  are 
dedicated  to  the  MD  study.  In  some  papers  and  books,  [  1 , 
2]  general  properties  of  discharge  are  considered.  These 
general  conclusions  allow  providing  some  estimations 
and  preliminary  predictions  for  simple  cavities.  But  MD 
is  very  complicated  phenomena  depending  on  real 
distribution  of  electromagnetic  field  (which  can  not  be 
described  analytically  for  complicated  shapes  of  modem 
accelerating  cavities),  the  level  of  fields,  the  surface 
conditions  and  so  on.  A  direct  numerical  simulation  is 
mostly  the  only  way  to  investigate  the  MD  possibility  in 
the  given  accelerating  cavity  and  to  develop  such  cavity 
modifications  that  allow  avoiding  this  possibility. 


2  PROBLEM  DESCRIPTION 

During  previous  activity  and  at  present  stage 
attention  has  been  paid  to  the  MD  study  in  accelerating 
cavities  that  have  the  symmetry  of  rotation.  In  the 
cylindric  coordinates  system  we  directly  solve  the 
equation  of  motion  for  nonrelativistic  electron  in  single¬ 
particle  approximation. 

To  simulate  electron  motion,  the  real  distribution 
of  the  electromagnetic  field  should  be  calculated  by 
specialized  codes  and  stored  in  the  file.  The  code  uses 
calculated  values  of  electric  field  components  E z,  E r  and 
magnetic  field  H_  in  the  meshpoints.  If  fields  values 
between  meshpoints  are  needed,  the  fast  method  of 
interpolation  with  spline-technique  is  used.  To  integrate 
the  equation  of  motion,  the  conservative  scheme  of 
discretization  is  used  and  forth  order  Adams-method  is 
applied. 

3  CODE  ABILITIES 

First,  the  cavity  boundaries  should  be  specified 
to  simulate  the  electron’s  motion  in  the  cavity.  The  cavity 
boundaries  may  be  formed  partly  of  straight  lines  and 
partly  of  circular  ones. 

The  introduced  language  for  the  boundary 
description  is  the  same  as  well  known  SUPERFISH  code. 
Such  standardization  simplifies  essentially  the  user’s 
work.  The  distribution  of  the  electromagnetic  field  also 
may  be  taken  from  SUPERFISH,  and  the  specially 
developed  editor  allows  using  for  this  purpose  practically 
any  known  codes.  This  editor  is  rather  simple. 

The  code  simulates  the  electron  emission  from 
the  specified  part  of  the  cavity  boundary  and  simulates 
the  electron  motion  to  impact  with  another  part  of  the 
boundary.  The  calculation  of  the  phase  of  the  electron 
flight  precedes  to  the  sorting  of  trajectories,  which  allows 
to  specify  resonant  ones.  The  conditions  of  resonant 
discharge  require  that  the  flight  phase  of  electrons  in  the 
discharge  must  be  equal  to  2rai  (n-  integer)  with  respect 
to  the  rf  field  period  2k. 
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The  order  of  the  discharge  and  the  number  of 
collisions  should  be  specified.  It  allows  considering 
resonant  trajectories  of  different  configurations  (for 
example,  single-point  discharge). 

Wide  possibilities  of  the  code  allow  to 
investigate  both  the  electron  motion  from  specified  point, 
under  the  given  field  level  and  the  defined  emission 
phase,  and  allow  considering  for  one  electron  to  run  from 
the  part  of  the  boundary  within  the  ranges  of  rf  field 
levels  and  emission  phases. 


Considering  relations  between  the  phases  of  the 
electron  emission  and  impact,  a  conclusion  may  be  done 
concerning  to  the  phase  stability  for  resonant  trajectories 
[5].  The  special  algorithm  has  been  developed  for  this 
purpose.  A  lot  of  attention  was  paid  to  develop  a  user- 
friendly  interface  of  the  code.  The  user  can  see  at  the 
screen  both  trajectories  directly  and  a  lot  of  another  useful 
information  concerning  to  zones  of  stable  discharge. 

The  typical  example  of  the  multipactor 
computing  for  the  omega-shaped  accelerating  cell  is 


shown  on  Fig.  1 


Fig.  1.  Multipactor  computing  for  the  omega-shaped  accelerating  cell. 


The  present  version  of  the  code  is  developed 
under  MS  Windows-95  (NT)  platform  and  may  be  run  at 
any  PC  computer  using  this  software.  The  control  is 
totally  mouse-driven. 


4  EXAMPLES  OF  APPLICATION 

The  code  was  used  for  many  applications  in  the 
development  and  construction  of  accelerating  cavities  at 
the  INR.  Historically  first  applications  were  for  the  MD 


study  in  the  Disk  and  Washer  accelerating  structure 
during  the  construction  of  the  high-energy  part  of  the 
Moscow  Meson  Factory  linac.  Results  of  investigations 
were  used  for  rf  conditioning  of  DAW  accelerating 
cavities. 

The  results  of  the  MD  investigations  for  PETRA 
cavities  one  can  find  in  [3]  For  coupling  cells  of  the  On- 
axis  Coupled  Structure  (narrow  cylindrical  cavity,  Fig.2) 
our  investigations  show  the  discharge  excitation 
practically  for  all  conditions  of  OCS  applications  [4], 


Fig.  2.  Multipactor  computing  for  coupling  cells  of  the  On-axis  Coupled  Structure. 
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More  complicated  case  takes  place  for  coupling 
cells  of  the  Side  Coupled  Structure  (Fig.3).  Usually  this 
cell  is  formed  having  a  central  part  like  a  capacitor.  There 
are  conditions  for  MD  excitation  in  the  central  part  of  this 


capacitor.  These  conditions  are  simple  enough  if  one 
considers  electrons  with  zero  emission  energy  and  are 
more  complicated  if  the  real  spread  of  emission  energies 
is  under  consideration. 


Near  outer  radius  of  the  capacitor,  the  non 
uniform  electric  field  pumps  out  electrons  (Fig.3), 
destroying  conditions  of  the  MD  space  stability  [4]. 


5  SUMMARY 

The  described  above  code  has  been  developed  to 
investigate  the  multipactor  phenomena  taking  into 
account  real  distributions  of  electromagnetic  fields,  real 
shapes  of  the  cavity  boundaries,  different  particularities 
of  the  discharge.  Collected  together  in  one  powerful  user- 
friendly  code  these  possibilities  allow  to  provide  the 
investigation  in  conditions  that  are  very  close  to  the  real 
ones,  provide  practical  recommendations  for  the  cavity 
shape  modification,  cavity  conditioning  and  so  on.  The 


abilities  of  the  code  (and  results  obtained)  exhibit  it  as  an 
effective  tool  for  investigations  and  an  effective  part  of 
the  design-kit  for  a  cavity  designer. 
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Abstract 

This  paper  presents  the  analycis  of  algoritm  and 
description  of  the  special  code  for  computer  simulation  of 
the  RF  process  in  linear  accelerator. 

This  program  may  be  used  for  preliminary  analysis  of 
the  RF  process,  RF  system  setup  and  monitoring. 

1  INTRODUCTION 


RF  system  of  VEPP-5  preinjector  consists  of  the 
separate  RF  module.  The  main  elements  of  each  module 
are: 


a)  klystron  amplifier; 

b)  SLED  type  power  multiplying  system  consisting  of 
two  high  Q  cavities  and  3dB  directional  coupler; 

c)  accelerating  section  connected  with  waveguide 
and  RF  load  by  a  coupler; 

d)  RF  load; 

f)  waveguide  section  including  straight  waveguide 
parts,  E  and  H  turns,  directional  coupler  etc. 

The  objectives  of  RF  process  simulation  are: 

a)  representation  of  each  RF  system  element  by  a 
limited  set  of  parameters  mostly  characterizing  the 
operation  of  the  device; 

b)  creation  of  a  model  of  interaction  between  separate 
elements  of  the  RF  system. 

RF  process  under  investigation  (that  can  be  measured) 
are  electromagnetic  wave  amplitudes  in  the  defined 
cross-sections  of  the  waveguide  section  (including  the 
disk  loaded  accelerating  structure). 


A  spectral  representation  of  RF  process  is  their  most 
suitable  form  for  the  points,  marked  in  Figl.  Time  depend 
and  spectral  representation  are  connected  by  the  following 
equations: 


Figure  1:  Scheme  of  the  RF  module  of  VEPP-5 
preinjector. 


V(/)  = 


°\U{t)e~i2nf,dt 


(1) 


2  BASIC  EQUATION 

Scheme  of  the  RF  modules  of  VEPP-5  preinjector  RF 
system  module  is  shown  in  Fig.l. 


U0)  =  ^=°\U(f)ei2^dt 
V2 n  ^ 


(2) 
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In  terms  of  Fig.  1  designations  connection  between  the 
signal  ganged  by  3dB  directional  coupler  has  the 
following  form: 


0  1  -i  0 


V,-' 

^2“ 

1 

v 

^2+ 

1 

0-/1  0 


Nt,  0  0  0 

1  0  k2  0  0 

7T  0  0  k3  0 


/+  +  0 


Where  V0  is  an  amplitude  of  the  wave  at  the  klystron 
amplifier  output  when  operating  to  the  matched  load. 

All  the  variables  and  constants  in  equations  (3,4)  are 
functions  of  a  frequency  (i.e.  V-*  =  vff)  and 

kf  =  kf{f) ).  A  compact  matrix  form  of  the  equations  3 
and  4  is:  V~  -  5k+  and  V~  =  KSV~  +  V0  with  joint 
solution:  V~  =  (S'1  -  Ks)'lV0  and  k+  =  S~V~ . 

The  following  equations  connect  wave  amplitudes  at 
the  input  and  output  of  the  accelerating  structure: 

The  following  equation  describes  connection  between 
signals  at  the  input  and  output  of  the  waveguide  section 
which  connects  the  power  multiplying  system  with  the 
accelerating  section: 

v4+l  a*  k45Uv4~)  (5) 

V5+)  v  54  *55  J  {vfj 

or  in  matrix  form:  V+  =  K,  V~  ,  where  KL  is  5  matrix  of 
the  waveguide. 

The  following  equations  connect  wave  amplitudes  at 
the  input  and  output  of  the  accelerating  structure: 


1V6~ J  1*65  *66 J  [v£ ) 

or  in  matrix  form:  V~  =  KasV+ ,  the  matrix  Kas  describes 
in  following  section. 

It  may  be  shown  that  Eqs.(4,5,6)  can  be  united  in  one 
(that  is  the  reason  for  there  common  indexation),  salving 
which  sumultaniosly  with  Eqs.(3)  determines  uniquely  all 
components  of  vectors: 

V-  =  (VC ,V{,V3-,V4-,Vf,V6-)  k+  =  (.vc,v?,v3+,v4\v5+,v6+) 


at  given  input  pulse  V0  (f)  and  matrix  coefficient 
KL{f)  and  Kas{f) . 

3  SIMULATION  OF  RF  ELEMENTS 

3.1  Klystron  amplifier. 

Klystron  amplifier  is  an  RF  power  source  for  each 
module  in  preinjector.  If  an  output  signal  of  the  klystron 
amplifier  I/1+(t)  does  not  change  occasionally  from  pulse 
to  pulse,  it  may  be  represented  as  a  sum: 

Ut  =  U 0(t)  +  \  Kkl  {t  ,t')UC  (t')dt'  (7) 

o 

where  U0(t)  is  an  output  signal  of  the  klystron  amplifier 
operating  to  the  matched  load.  The  addend  determines  the 
klystron  output  signal  depending  on  possible  reflections 
from  the  RF  module  waveguide  section.  If 
Kkl(t,t')  s  Kkl(t-t') ,  equation  (7)  becomes: 

Uft)  =  U0(t)  +  }  Kkl{t  -  t')UC(S)df  (8) 

o 

or  in  spectral  representation: 

VC(f)  =  W)  +  Kkl(f)VC(f)  (9) 

According  to  designations  introduced  in  section  1 
coefficient  k,  in  (2)  is  equal  to  coefficient  Kkl  in  (9) 


3.2  Power  multiplying  system  cavities. 

Power  multiplying  system  contains  (see  Fig.l)  two 
hight-Q  cavities  coupled  by  a  slot  with  the  input 
waveguide.  The  general  view  of  each  cavity  as  well  as 
circuit  representation  are  shown  in  Fig.2. 

Uin 

Uin  fo  ,Q  or  i  source  unit  I - *  1  Oft! 


Figure  2:  RF  cavity  coupled  with  input  waveguide  and  its 
circuit  representation. 

Coupling  between  the  input  and  output  cavity  signals 


VouAf)  =  Ks\f)Vin(f)  (10) 

where  Ks,(f)  is  frequency  dependence  of  the  cavity 
reflection  coefficient: 

(ID 

r  +  l  +  f§ 
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r  is  the  coupling  coefficient  between  the  cavity  and  input 
waveguide; 

(  f  —  f  ) 

£  =  Qo— — —  is  the  generalized  cavity  frequency 
/o 

detuning; 

fo,Qo  are  the  cavity  resonant  frequency  and  Q  factor. 

According  to  designations  introduced  in  section  1, 
coefficient  k2 2  and  k33  in  Eqs.(l,2)  are  equal  to  the 
reflection  coefficient  determined  by  (1 1)  with  substituting 
in  it  parameters  of  each  cavity. 

3.3  Accelerating  structure. 

The  accelerating  structure  is  designed  as  a  round  disk- 
loaded  waveguide  and  is  connected  with  RF  power  source 
and  RF  load  through  the  input  and  output  couplers. 
Equivalent  circuit  of  the  accelerating  structure  is  shown  in 
Fig.3. 


Figure  3:  Circuit  representation  of  the  accelerating 
structure. 


&55  =  -1  -  2/———  (13) 

f  Qi  A 

*5„=^-  04) 

A 

where  A  is  the  determinant  of  the  system  (12),  A„  is  the 
determinant  of  the  system  (12)  without  n-th  column  and  n- 
th  line. 

4  CONCLUSION 

The  mathematical  algorithm  described  above  was 
completely  realized  in  the  original  VIT  030  code.  It 
allows  us  to  solve  the  linear  accelerator  RF  module 
design  problems  as  well  as  questions  arising  during  RF 
module  tests  and  conditioning  fast  and  with  good  quality. 

The  code  which  will  allow  us  to  take  into  account 

discharges  in  the  system  and  to  perform  the  expeditious 
diagnostics  of  the  RF  module  is  under  development  now 
on  the  base  of  VIT  030  code. 
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,  where: 


/„,  Qn  are  the  resonant  frequency  and  Q-factor  of  the  n-th 
cell; 

Pi,  pN  are  the  coupling  coefficient  between  1-th  and 


N-th  cavities  with  input  and  output  waveguide. 
kn  is  the  coupling  coefficient  n-tn  and  (n+l)-th  cell. 


The  reflection  coefficient  of  the  accelerating  structure 
and  the  transmittient  coefficient  for  n-th  cell  may  be  found 
directly  from  the  matrix  coefficient  of  the  system  (12) : 
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Abstract 

An  external  data  interface  tool  has  been  developed  for  the 
Particle  Beam  Optics  Laboratory  (PBO  Lab™).  The  PBO 
Lab  application  provides  an  environment  for  the  graphical 
set  up  of  beam  line  models  and  execution  of  multiple 
optics  programs  that  are  implemented  as  Application 
Modules  in  a  single  user-friendly  graphic  interface  shell. 
The  external  data  interface  (EDI)  tools  that  have  been 
implemented  in  PBO  Lab  version  2.0  support  the  import 
and  export  of  beam  line  model  parameters,  as  well  as 
exporting  diagnostic  data  generated  from  the  different  PBO 
Lab  Application  Modules.  A  variety  of  data  exchange 
capabilities  are  provided  through  the  EDI  tools,  including 
a  basic  implementation  using  ASCII  text  files  in  several 
different  formats.  However,  one  new  EDI  tool  is  described 
here  that  supports  dynamic  data  exchange  with 
MATLAB™.  In  addition  to  the  exchange  of  beam  line 
model  parameters  and  computational  diagnostics,  this  tool 
also  implements  an  integrated  simulation  loop.  This 
allows  the  user  to  modify  beam  line  model  parameters  and 
specify  the  execution  of  PBO  Lab  Application  Modules  in 
a  loop  that  is  externally  controlled  from  MATLAB  using  C 
or  Fortran  MEX  files,  or  MATLAB  M  files. 

1  INTRODUCTION 

The  Particle  Beam  Optics  Laboratory  [1]  is  a  multi¬ 
platform  software  package  that  combines  the  capabilities 
of  several  different  particle  optics  programs  under  a  single 
graphic  user  interface  (GUI)  shell.  The  focus  of  the  PBO 
Lab  package  is  on  improving  the  ease-of-use  and 
accessibility  for  legacy  optics  codes  trusted  in  the 
accelerator  community,  as  well  as  supporting  recently 
developed  object  oriented  codes,  all  within  a  consistent 
user  interface  shell.  A  multi-platform  open  architecture 
framework  called  the  Shell  for  Particle  Accelerator  Related 
Codes  (S.P.A.R.C.-MP)  [2]  has  been  developed  for  the 
implementation  of  optics  codes  as  Application  Modules  in 
the  PBO  Lab  environment.  The  framework  implements  a 
sophisticated  beam  line  object  model  [3]  and  an  extensive 
library  of  GUI  components  that  support  a  variety  of 
optics  codes  and  add-on  tools.  This  provides  an 
environment  for  the  graphical  set  up  of  beam  line  models 
and  the  execution  of  multiple  optics  programs  from  a 
single  user-friendly  interface,  without  requiring  any 
knowledge  of  the  various  formats  and  specific  syntax  of 
the  input  required  by  the  different  optics  programs.  PBO 
Lab  is  capable  of  generating  all  the  necessary  input  for 
each  Application  Module  supported  by  the  framework. 


The  S.P.A.R.C.-MP  framework  also  provides  external 
data  interface  tools  that  extend  the  users  ability  to 
configure  PBO  Lab  for  specific  tasks  in  a  variety  of  ways. 
One  such  tool  is  described  here,  for  integrating  PBO  Lab 
with  the  MATLAB™  environment.  MATLAB  by  The 
MathWorks,  Inc.  [4],  provides  users  with  a  mathematical 
workspace  environment,  development  tools  for  creating 
user  interface  windows  and  plotting  data,  as  well  as 
supporting  both  compiled  and  interpreted  programming 
languages.  The  PBO  Lab  version  2.0  GUI  enables  point- 
and-click  selection  of  import/export  variables  and 
application-specific  diagnostic  output  data  to  be  used  with 
the  EDI  tools.  The  PBO  Lab  EDI  tool  for  MATLAB 
allows  the  user  to  exchange  their  selected  beam  line  model 
parameters  and  diagnostics  with  the  MATLAB 
environment.  This  data  is  made  accessible  directly  in  the 
MATLAB  workspace.  The  MATLAB  EDI  tool  supports 
the  execution  of  compiled  C  functions  or 
Fortran  subroutines,  in  addition  to  routines  written  in 
MATLAB’s  interpreted  programming  language.  A  basic 
simulation  loop  is  provided  for  the  automation  of  user 
defined  operations. 

2  PARTICLE  BEAM  OPTICS 
LABORATORY 

The  Particle  Beam  Optics  Laboratory  provides  a  unique 
graphic  user  interface  shell  (described  in  References 
[5,6,7])  for  multiple  particle  accelerator  related  codes. 
Selected  windows  from  a  new  version  of  the  PBO  Lab 
currendy  under  development  are  shown  in  Figure  1.  The 
PBO  Lab  environment  presents  a  consistent  and  intuitive 
graphic  user  interface  for  related  functionality  in  different 
optics  codes.  For  example,  a  wide  variety  of  fitting 
capabilities  are  supported  by  the  different  Application 
Modules  in  PBO  Lab  and  the  native  specification  of 
fitting  variables  and  constraints  for  each  of  these  codes  is 
considerably  different.  The  consistent  treatment  in 
PBO  Lab,  of  similar  capabilities  in  different  optics 
programs,  greatly  reduces  complexity  for  the  user.  The 
S.P.A.R.C.-MP  framework  provides  PBO  Lab  with  a 
variety  of  data  visualization  tools  that  are  used  to  generate 
ellipse  plots,  scatter  plots,  line  plots  and  bar  graphs  from 
the  diagnostic  data  generated  by  the  different  Application 
Modules.  The  framework  architecture  also  supports  plug¬ 
in  tools  such  as  an  interactive  particle  trajectory  module,  a 
hypertext  help  system,  interactive  tutorials,  and  external 
data  interface  tools. 
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Figure  1 .  Screen  Shots  from  the  new  Particle  Beam  Optics  Laboratory  on  Windows™. 


3  PBO  LAB  EXTERNAL  DATA 
INTERFACE  TOOLS 

The  PBO  Lab  external  data  interface  tools  are  implemented 
in  the  S.P.A.R.C.  MP  framework  as  independent  modules 
that  import  and/or  export  specific  data  formats  through  a 
generic  EDI  tools  interface.  The  EDI  tools  can  be 
described  as  a  system  of  modules  (Data  Repositories)  that 
fill  an  intermediate  data  structure  (Data  Interchange)  which 
represents  the  generic  interface  for  the  development  of 
plug-in  tools  for  specific  import/export  targets.  The  Data 
Interchange  is  application  independent  and  supports 
import/export  targets  that  range  from  simple  ASCII  files 
in  a  variety  of  specific  formats,  to  more  dynamic  data 
interfaces  with  external  environments,  such  as  the 
MATLAB  EDI  tool  described  here.  Although  not  currently 
under  development,  an  application-programming  interface 
for  the  end  user  to  create  EDI  plug-ins  could  be  supported 
with  the  S.P.A.R.C.  MP  framework. 

A  new  external  data  interface  tool  has  been  developed 
for  PBO  Lab  that  supports  dynamic  data  exchange  with 


the  MATLAB  environment.  MATLAB  is  an  interactive 
technical  computing  environment  for  numerical 
computation,  visualization  and  simulation  [4].  The  PBO 
Lab  EDI  tool  for  MATLAB  supports  the  exchange  of  beam 
line  model  parameters  (Control  Parameters)  and 
Application  output  (Computational  Diagnostics)  with  the 
MATLAB  environment.  The  EDI  tool  also  implements 
an  integrated  simulation  loop  with  MATLAB  that  allows 
the  user  to  modify  PBO  Lab  model  parameters,  control  the 
execution  of  Application  Modules  and  access  diagnostic 
data  in  the  MATLAB  environment.  The  simulation  loop 
can  be  controlled  from  MATLAB  using  C  or  Fortran  MEX 
files,  or  MATLAB  M  files  [8,9], 

The  user  directly  controls  the  basic  import/export  tool 
for  MATLAB,  i.e.  the  user  executes  the  import  and  export 
commands  from  PBO  Lab  to  exchange  selected  Control 
Parameters  and  Computational  Diagnostics  with 
MATLAB.  If  MATLAB  is  not  running  then  it  will  be 
launched  and  the  data  will  be  placed  in  the  MATLAB 
workspace.  MATLAB  can  then  be  used  for  a  variety  of 
tasks  such  as  post-processing  diagnostic  data  for  custom 
graphics  or  additional  analysis  with  MATLAB  toolboxes 
and/or  user  defined  operations.  Model  Control  Parameters 
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are  modifiable  directly  from  MATLAB  and  are  extracted 
from  the  MATLAB  workspace  at  the  users’  request  in 
PBO  Lab. 

The  PBO  Lab  EDI  Tool  also  implements  an 
automated  dynamic  data  interface  with  MATLAB,  passing 
Model  Control  Parameters,  Simulation  Control 
Parameters  and  Computational  Diagnostics  in  a 
simulation  loop  that  is  illustrated  in  Figure  2.  The 
simulation  loop  automates  the  external  control  of 
PBO  Lab  Application  Modules  by  using  compiled  MEX 
files  or  MATLAB  interpreted  M  files  to  perform  a  user- 
defined  function.  Figure  2  illustrates  the  Simulation 
Loop  execution  and  data  flow. 


Figure  2.  Simulation  Loop  Flow  Chart. 


Control  Parameters  passed  to  MATLAB  (Figure  2(a)) 
are  modifiable  in  the  MEX  or  M  files  executed  in  the 
simulation  loop  (b).  Simulation  Control  Parameters 
passed  to  MATLAB  (a)  and  returned  to  PBO  Lab  (c)  are 
used  to  control:  (d)  updating  the  PBO  Lab  beam  line 
model  with  modified  Control  Parameters,  (e)  executing  an 
Application  command,  and  (f)  terminating  the  simulation 
loop.  After  execution  of  MEX  or  M  files  (b),  PBO  Lab 
will  import  the  Model  Control  and  Simulation  Control 
Parameters  from  MATLAB  (c).  Model  Control  Parameters 
are  held  in  the  Data  Interchange  while  the  Simulation 
Control  Parameters  are  used  by  PBO  Lab  to  execute  (d), 
(e)  and  (f)  of  the  Simulation  Loop.  The  SIM_IMPORT 
parameter  indicates  whether  the  PBO  Lab  beam  line  model 
will  be  updated  with  the  imported  Model  Control 
Parameters.  The  S IM_EXECUTE  parameter  is  used  to 
execute  an  Application  command,  and  SIMJLOOP  is  used 
to  terminate  the  simulation  loop.  The  loop  is  simple,  yet 
provides  the  control  that  is  necessary  to  perform  a  variety 
of  automated  tasks.  The  PBO  Lab  EDI  tool  for  MATLAB 
enables  access  to  a  large  collection  of  MATLAB  and  third 
party  tools,  including  Power  Systems,  Communications, 
Control  Systems,  Signal  Processing,  Fuzzy  Logic  and 
Neural  Network  toolboxes. 


4  SUMMARY 

An  external  data  interface  tool  has  been  developed  for  the 
Particle  Beam  Optics  Laboratory  that  leverages  the 
popular  mathematical  environment,  MATLAB.  The  PBO 
Lab  EDI  tool  for  MATLAB  supports  the  import  and 
export  of  beam  line  model  parameters,  as  well  as 
diagnostic  data  generated  from  the  different  PBO  Lab 
physics  Application  Modules,  although  Data  Repository 
modules  have  not  been  completed  for  all  PBO  Lab 
Applications.  The  MATLAB  EDI  tool  supports  an 
integrated  simulation  loop  that  automates  the  exchange  of 
data  and  execution  of  user  defined  operations  with 
MATLAB  MEX  or  M  files. 
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Abstract 

Conventional  approach  to  the  designing  of 
controlled  systems  is  to  start  with  calculation  of  program 
motion  and  to  continue  afterwards  by  examining 
perturbed  motions  using  equations  in  deviations.  It  does 
not  always,  however,  result  in  desirable  outcomes.  Thus, 
while  analysing  perturbed  motions,  which  depend 
significantly  on  the  program  motion,  it  can  happen,  that 
dynamical  characteristics  of  obtained  perturbed  motions 
are  not  satisfactory. 

This  paper  suggests  new  mathematical  models, 
which  allow  joint  optimization  of  program  motion  and  an 
ensemble  of  perturbed  motions.  These  mathematical 
models  include  description  of  controlled  dynamical 
process,  choice  of  control  functions  or  parameters  of 
optimization  as  well  as  construction  of  quality 
functionals,  which  allow  efficient  evaluation  of  various 
characteristics  of  examined  control  motions. 

This  optimization  problem  is  considered  as  the 
problem  of  mathematical  control  theory.  The  suggested 
approach  allows  to  develop  various  methods  of  directed 
search  and  to  conduct  parallel  optimization  of  program 
and  perturbed  motions.  Suggested  approach  is  applied  to 
the  optimization  of  RFQ  channel.  Simple  model  for 
description  of  beam  longitudinal  motion  in  the  equivalent 
running  wave  is  suggested.  For  the  estimation  of  beam 
dynamics  corresponding  functionals  are  suggested. 

1  MATHEMATICAL  MODELS  OF 
OPTIMIZATION 


vector  functions  correspondingly.  We  assume  that  f ,  F 
and  divyF  =  /dy ;  are  continuous  with  their 

partial  derivatives.  The  set  M0  is  a  given  compact  set  in 

the  phase  space  of  nonzero  measure  in  Rm.  We  assume 
that  admissible  controls  u(t)  constitute  certain  class  D 
of  functions,  that  are  piecewise  continuous  on  interval 
[0,T]  and  have  values  in  a  compact  set  U  C  Rr . 

Equation  (1)  describes  dynamics  of  synchronous 
particle.  Here  in  this  paper  we  will  consider  this  motion 
as  the  program  one.  Equation  (2)  is  the  derivations 
equation  describing  perturbed  motions. 

Along  with  equations  (1),  (2)  we  consider 
changes  of  density  of  particles  p(t,y) ,  along  the  system 
(2)  trajectory: 

dp 

—  =  -p  •  divyF(t, x(t),y(t),u(t)) ,  (4) 

p(0,y(0))  =  p0(y0),  y0eM0,  (5) 
where  P0(Yo)  density  of  particles  distribution  at  the 
set  M0. 

We  introduce  following  functionals: 

T 

!i  (u)  =  c,  J<Pi  (t,x(t), u(t))dt  +  c2g,  (x(T)) ,  (6) 

o 

T 

I2(u)  =  c3Jo(co,(t))dt  +  c4  G(co2).  (7) 

o 


First  we  consider  following  dynamic  system: 

dx 

—  =  f(t,x,u),  (1) 


—  =  F(t,x,y,u),  (2) 

dt 

with  initial  conditions: 

x(0)  =  x0,  y(0)  =  y0eM0;  (3) 

Here  t  is  time,  X  is  n-vector,  u  =  u(t)  is  r- 
dimensional  control  vector  function,  y  -  m-vector, 
f (t, X,u)  and  F(t,x,y,u)  are  n-dimensional  and  m- 
dimensional 


"Work  supported  in  part  by  Russian  Foundation  for  Fundamental 
Researches,  project  99-01-00678 
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Here  Cj  (i  =  1,2,3, 4)  are  non- negative  constant, 

®i(t)=  |  cp2(t,x(t),y,,p(t,yt),u(t))dyt,  (8) 

=  J*  §2  (yT  ’  p(U  yT  ))dy  T  >  (9) 

MT.„ 

where  set  Mt  u  is  the  cross-section  of  trajectories  set  of 

system  (2)  at  the  moment  t ,  that  can  be  obtained  by  time 
shift  of  the  initial  set  M0  at  corresponding  control 
U  =  U(t) : 

Mt,u  =  {  y,  I  y,  =  y(t,y0,x(t),u(t)) 

y0  eM0,  x(0)  =  x0  },  ‘lw 

functions  (p, ,g,  ,(p2,g2 ,0 ,G  are  continuously 
differentiable  functions,  T  is  fixed. 
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Together  with  the  functional  (6),  which 
characterizes  dynamics  of  program  motion,  and  the 
functional  (7),  which  characterizes  beam  of  particles  with 
taking  into  account  their  density  of  distribution,  we 
introduce  following  functional: 

I(u)  =  I,(u)+I2(u).  (11) 

The  functional  (11)  estimates  dynamics  of  program  and 
perturbed  motions  and  allows  to  conduct  their 
optimization. 

By  using  methods  of  investigation  of  functionals 
(6),  (7)  types  presented  at  the  work  [1]  variation  of 
functional  (11)  (at  admissible  variation  of  control 
Au(t)  =  u(t)  —  u(t))  can  be  represented  in  the 

following  form: 

T 

81=  —  J (%*  ‘  Auf  -  c,  •  Aucp,  )dt 

o 

T 

-j  j(|x*-AuF-c3-0'(co1)-Au(p2)dytdt  (12) 


-j  J (v •  AudivyF)dy ,dt. 

OM,, 

Here  Au  denotes  increment  of  a  function  at  only 
increment  of  variable  u ,  for  example, 
Auf  =  f(t,x,U  +  Au)  -  f(t,x,u))  . 

Auxiliary  functions  %(t)  ,  fl(t,y,),  V(t,yt) 
satisfy  the  following  systems  along  the  trajectories  of 
systems  (1),  (2),  (4): 

dv  3f  ,  3<p,  , 


X(T)  =  -c2 


3gl(x(T))’ 


3F  .  3div  F  , 


)  )dyt 


+  c3<E>'(co1(t))-  J  (^-)*dy„ 

M,,  dX 

dix  3F 

df=  -(^+E  dlv'F)  p 

ddivF  ,  do,  . 


v-divyF 


+  c30'(co,(t))(cp2-p-^). 


|i(T)yT)  =  -c4-G'(co2)(^i^£^r,  (17) 

v(T, yT)  =  — c4  G  (co 2 ) •  (g2(yT,pT) — 

3g2(yT>pT).  as) 

“Pt - dp - >’ 

where  pT=p(T,yT),  ,  G/(C02)  =  dG(C02)/dC02  , 
3>'(co,)  =  d^co^/dco, . 

The  representation  (12)  of  functional  variation 
allows  to  construct  various  methods  of  optimization  for 
functional  (11). 

2  BEAM  DYNAMICS  MODELLING 

Let  us  consider  charge  particle  dynamics  in  RFQ 
channel.  Longitudinal  motion  in  equivalent  running  wave 
can  be  represented  in  the  following  form: 
dp  2eU,0 

(19) 

Here  P  =  z/c ,  T  =  ct ,  CO  =  2tcco/c  , 

zs 

'F  =  J  £2(£)d^  =  OAz ,  £2  =  27t/L,  UL  -  intervane 

Z 

voltage,  ©  -  accelerating  efficiency,  W0  -  rest  mass 
energy,  L  -  period  length,  CO  -  accelerating  field 
frequency,  (ps  -  synchronous  phase. 

For  synchronous  particle  COT  =  Qzs  and,  hence 
dps  2eUL0  _ 


dT  W0L 


-COSCps, 


2  4re(UL0)M 


d2(zs  —  z)  2  eUL0, 

dr 2  W0L  C°S<Ps  (21) 

~cos(£2(z-zJ+<ps)), 

Let  us  make  notations: 

4ne(ULe)m  <ul0) 

0  w0L02  -n  (ULe)m' 

and  use  new  variables: 

\j/  =  £2(zs  -  z) ,  x  =  £20t  . 

After  all  transformation  equations  (20),  (21)  takes  form: 

-^r(L/L0)2  =2k-ri(T)-coscps(T),  (22) 


W0L02 


and  terminal  conditions 
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y/  + 


(L/L0)2 

(L/L0)2 


y/'  + 


(L/L0)" 
(L/L0)  ¥ 


v(y) 

( L/L0 f 


(cos  (ps  -  cos(  y/  +  (ps ))  =  0, 


(23) 


where  the  stroke  denotes  the  derivative  with  respect  to  X 
and  k  =  no/(0 . 

Various  optimization  problems  of  longitudinal 
motion  can  be  formulated  on  the  basis  of  equations  (22), 
(23).  Further  we  will  consider  the  functions 
U,  =  T|(x)and  U2  =  (ps(x)  as  control  functions. 

It  should  be  noted  that  all  accelerators  with  the 
same  plots  (ps  (x)  and  T|(x)  and  with  k=const  has 
similar  beam  behaviour.  The  relation  between  unites  X 


and  period  number  N  is  defined  by  kN  =  X . 


3  OPTIMIZATION  CRITERIA 


As  the  aim  of  RFQ  structure  optimization  we 
consider  the  following:  obtaining  of  maximal  capture  of 
particles  under  the  acceleration  regime;  obtaining  of 
required  or  maximal  possible  output  energy;  minimization 
of  defocusing  factor  effect;  obtaining  of  monotonicity  of 
particles’  grouping  which  reduces  Coulomb  forces’  effect 
on  the  dynamics  of  charged  particles,  subsequently 
improves  the  dynamic  process  in  RFQ  channel. 

Let  x  =  (L/L0)2 ,  y  =  (y,,y2)*  =(y,Y')\ 
M0  =  {  y  I  -7t<y,<7c,  0,<y2<02} 

For  the  process  dynamics  assessment  we 
introduce  functionals: 

T 

(u)  =  ci  1 9i  (Adef  )dx  +  C2  (x(T)  -  X)2 ,  (24) 

o 

2k2T||sincps|  2k2u,|sinu2| 

Adef  (L/L0)2  x  ’ 

T 

!2(u)  =  c3J  0(w1(t))dx,  (25) 

o 

w'(t)  =  7?  \(¥2  P)dy~T  = 
aT 


J2  ynj/'p(T,y/,y/')dyr  =  \2yiy2pdy-, 

M T.U  ^T,U 

I(u)  =  I,(u)+I2(u).  (26) 

Here  (p ,  and  O  are  penal  functions,  which  can  be 
introduced  in  following  way: 

0, 

l(Adef-A)2p, 


<P.(Adef)  = 


Adef  ^A 


Adef  >  A 


fO,  w,  <0 

0(W»H  2c 

[Wj  q,  w,  > 0 

where  p,q  are  certain  positive  integer  constants. 

Adef  is  defocusing  factor;  X  =  (L/  L0)2  =  ( |3  /  (30)2 
is  fixed  value,  which  determines  velocity  of  synchronous 
particle  at  the  output  of  accelerator;  p  =  p(x,\J/,\|/')  is 
density  of  particle  distribution. 

Functional  (24)  integrally  estimates  the  deviation 
of  defocusing  factor  from  given  value  and  accounts  the 
deviation  of  synchronous  particle  velocity  from  given  one 
at  the  output  of  accelerator.  Functional  (25)  characterizes 
velocity  of  variation  of  mean  square  phase  distribution.  In 
this  connection,  condition  W  ]  <  0  ensures  the 
monotonicity  of  grouping  and  simultaneously  ensures  the 
capture  of  particles  into  acceleration  mode. 

On  the  basis  of  variation  (12)  for  the  functional 
(26)  numerical  methods  of  optimization  which  allow  joint 
minimization  of  functionals  (24),  (25).  The  realization  of 
these  methods  shows  their  effectiveness. 

4  CONCLUSION 

Under  RFQ  structure  optimization  following 
parameters  are  considering  as  controlling:  voltage 
between  electrodes,  modulation  of  electrodes,  mean  value 
aperture  on  the  period  of  modulation,  synchronous  phase, 
i.e.  each  cell  of  developing  structure  is  described  by  all 
parameters  for  each  cell  ([2]).  In  this  case  full-scale 
modeling  of  particles  dynamics  and  conducting  of 
optimization  require  much  time  and  numerous  attempts. 
Such  approach  seems  to  be  reasonable  for  improvement 
of  parameters  in  the  vicinity  of  chosen  already  variant. 

Thus  for  the  practical  use  of  optimization 
methods  it  is  necessary  to  use  step  by  step  method  of 
choice  of  RFQ  structure  parameters.  At  each  stage  of  this 
calculation  various  mathematical  models  with  growing 
level  of  complexity  should  be  considered. 

In  this  paper  the  simple  mathematical  model 
which  describes  beam  dynamics  in  RFQ  channel  is 
suggested,  that  can  be  used  on  the  initial  stage  of 
optimization.  Suggested  mathematical  models  of 
optimization  and  developed  methods  and  approaches  of 
their  analysis  allow  effective  optimization  of  the  RFQ 
channel. 

It  should  be  noted  ,  that  developed  methods  of 
optimization  can  be  applied  to  the  optimization  problem 
of  intense  beam  dynamics. 
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Abstract 

Starting  from  the  hypothesis  of  the  invariancy  of  the 
subluminal  momentum  and  applying  the  beyond-Lorentz 
transformations  we  derive  a  new  equation  for  the 
invariant  momentum-velocity  of  particles  which  can  be 
applied  to  subluminal  or  superluminal  particles.  The 
kinetic  energy  shows  a  maximum  at  the  velocity  of  light 
and  falls  at  subluminal  or  superluminal  velocities.  There 
is  good  agreement  with  the  Newtonian  and  relativistic 
results  for  particle  momentum  and  energy  at  subluminal 
velocities. 


kinetic  energy  of  the  particle,  calculated  from  the 
integration  of  this  new  momentum-velocity  equation, 
shows  that  all  terms  depend  on  the  velocity,  which 
contradicts  the  STR's  prediction  of  the  existence  of  an 
associated  rest  energy  related  only  to  the  mass  of  the 
particle.  Finally,  predictions  are  made  concerning  the 
dependence  of  the  momentum  and  kinetic  energy  on  the 
velocity  of  superluminal  particles. 

2  BEYOND-LORENTZ 
TRANSFORMATIONS 


1  INTRODUCTION 

The  Special  Theory  of  Relativity  Theory  (STR)  makes 
use  of  the  Lorentz  transformations,  whose  real  solutions 
are  limited  to  velocities  below  the  velocity  of  light 
(subluminal  velocities).  One  of  the  STR's  main 
assertions  is  that  the  relativistic  momentum  is  conserved 
regardless  of  the  frame  of  reference.  The  mass  of  a 
particle  assumes  an  energy  content  and  apparently 
increases  with  an  increase  in  its  velocity,  becoming 
infinite  at  the  velocity  of  light  (c).  Photons  or  neutrinos 
are  thus  considered  particles  with  zero  rest-mass  since 
that  they  can  travel  with  limited  energies  at  the  velocity 
of  light.  Recent  experiments,  however,  suggest  that 
neutrinos  are  massive  particles  [1], 

When  exploring  the  extreme  limits  of  bunches  of 
particles,  why  not  to  seek  more  general  transformations 
that  can  also  be  applied  above  c  (superluminal 
velocities),  including  the  Lorentz  transformation  as  a 
special  case?  Recently,  we  demonstrated  the  existence 
of  such  general  transformations  which  also  obey  the 
principle  of  the  constancy  of  c  [2], 

In  the  present  work,  starting  from  the  hypothesis  of 
invariant  momentum  and  applying  such  general 
transformations,  we  demonstrate  the  existence  of  a  new 
equation  for  the  momentum  that  agrees  with  the  STR's 
predictions  for  momentum  of  subluminal  phenomena  but 
can  also  be  applied  at  superluminal  velocities.  The 


This  work  is  dedicated  to  the  memory  of  my  son,  V.  B.  Filho  (1987- 
1997).  The  author  acknowledges  the  kind  help  of  S.  F.  Durrant  in 
editing  the  manuscript  and  CNPq,  CAPES,  FAPESP  and  the  PAC-99 
organizers  for  partial  financial  support. 

Email:  vitor@dsif.fee.unicamp.br 


Accepting  the  hypothesis  that  the  velocity  of  light  is 
constant,  i.  e.,  does  not  depend  on  the  reference  system, 
we  can  write  the  following  transformation  equations 
between  a  system  reference  S  and  a  system  S’  that 
moves  with  a  constant  speed  v  in  the  direction  of  the 
axis  x,  relative  to  S: 


These  equations  can  be  applied  to  describe  light  wave 
propagation  invariance  under  uniform  translation  of  S’ 
relative  to  S  in  the  x  direction  for  any  value  of  the  order 
number  k  (k  =  1,  2,  ...).  It  can  easily  be  verified  for 
subluminal  velocities  that  the  above  equations  can  be 
made  as  close  as  is  wanted  to  the  Lorentz 
transformations  by  a  convenient  choice  of  k  (k  large). 
However,  unlike  with  the  Lorentz  transformations,  the 
new  solutions  are  always  real  for  any  velocity,  including 
superluminal  velocities. 

3.  MOMENTUM-VELOCITY 
RELATIONSHIP 

Through  the  conservation  of  the  energy-momentum  in 
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particle  collisions  it  was  demonstrated  that 
relativistic  momentum  can  be  expressed  by  [3]: 

Ax 

p  =  m  — 

At' 


the 


(3) 


which,  with  application  of  the  beyond-Lorentz 

transformations  can  be  written 

as: 


P 


m  v 

Pb  — ■JPb  -l 

c 


Yb  m  v 


(4) 


where  yB  is  the  new  correction  factor.  This  equation 
can  be  applied  for  any  velocity,  either  subluminal  or 
superluminal.  Figure  1  compares  the  curves  of 
momentum  versus  velocity  calculated  from  this  result 
(equation  (4))  and  the  STR  momentum,  respectively. 
Newtonian  momentum  is  also  ploted  for  reference. 


Figure  1 :  Momentum  versus  velocity:  Comparison  of  the 
results  of  the  Newtonian,  STR  and  the  present  approach. 


We  observe  a  good  agreement  between  this  new  result 
and  the  STR  momentum  for  subluminal  velocities. 
Thus,  great  part  of  the  subluminal  experiments  that 
validate  the  relativistic  momentum  also  confirm  the  new 
momentum  equation.  However,  this  new  equation  can 
also  be  used  to  foresee  the  momentum  at  superluminal 
velocities.  As  we  can  see,  when  a  particle  is  passing  the 
light  velocity  barrier  its  momentum  is  strongly 
attenuated,  as  in  the  evanescent  transmission  of 
particles-waves  in  tunneling  phenomena.  The  existence 
of  a  very  thin  spike  at  v  =  c,  with  an  upwards  divergence 
at  c-  and  a  strong  attenuation  at  c+  suggests  a  very  high 
momentum  for  luminal  particles,  but  not  a  limitless 
momentum.  It  should  also  be  observed  that  in  spite  of 
the  momentum  tending  to  zero  for  superluminal 
velocities,  the  velocity  of  the  particle  is  not  reduced 
since  its  momentum-velocity  relationship  differs  both 


from  Newtonian  and  the  usual  relativistic  formulas. 


4.  KINETIC  ENERGY 

We  can  calculate  the  kinetic  energy  from  the  usual 
expression  of  the  integration  of  a  force  F  continuously 
acting  on  a  particle  along  the  axis  x: 


v 


v=0 

and  applying  equation  (4),  we  find 

K  =  m  c2  (O]  (v)  -  3>2  (v))  (6) 

with 

v2 

®l(v)=  7b  T 

CT 

V 

and  $2(v)  =  J7b  dv 

0 


We  did  not  find  an  algebraic  solution  to  solve  the 
integral  for  <&2(v)  but  it  can  easily  be  numerically 
integrated.  The  curve  of  the  kinetic  energy  versus  the 
velocity  of  the  particle  shows  a  maximum  at  the  velocity 
of  light  which  decays  at  subluminal  or  superluminal 
velocities  (see  Figure  2  (a)).  Again,  there  is  a  good 
agreement  with  the  STR  predictions  for  subluminal 
velocities.  Besides  this  good  fitting,  it  should  be  pointed 
out  that  there  is  a  fundamental  difference  between  the 
usual  relativistic  formula  for  kinetic  energy 

(K=m  c2  ((l-v2/c2)-1/2 -1))  and  the  formula 
presented  by  equation  (6)  since  all  terms  ( <I>|  and  ) 
in  the  latter  depend  on  v.  Thus,  it  is  demonstrated  that 
the  hypothesis  of  an  energy  associated  to  the  mass  of  the 
particle  in  rest  in  not  a  necessary  condition  for  obtaining 
the  results  foreseen  by  STR.  The  mass  of  the  particle 
can  be  assumed  invariant  with  the  velocity,  being  just  a 
multiplying  parameter  of  the  related  energy. 

For  low  velocities  (see  Figure  2  (b))  the  functions  <I>| 
and  3>2  may  be  approximated  respectively  by 


v2  1  v2 

Oj(v)  =  —  and  <P2(v)  = - .  Therefore  equation 

c2  2  c2 


(6)  is  reduced  to  k = — m  v2  >  which  coincides  with  the 
2 

Newtonian  formula. 

For  subluminal  velocities  very  close  to  the  velocity  of 


light  (v  =  c~)  we  have  that 

Oj  =  vB  =  (1- v2  / c2 )— 1/2  and  <J>2  =  1  (see  Figure 
2  (a)).  In  this  case,  equation  (6)  reduces  to  the  usual 
relativistic  formula  for  kinetic  energy: 

K  =  m  c2  ((l-v2/c2)_1/2-l). 
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(a) 


(b) 

Figure  2:  (a)  Kinetic  energy  versus  velocity;  Comparison 
of  Newtonian,  STR,  and  of  this  approach.  The 
dependence  of  the  functions  Oj  and  <l>2  on  velocity 
are  also  shown.  For  subluminal  velocities  there  is  a 
good  agreement  between  this  work  and  the  STR, 
however,  there  are  no  terms  independent  of  the  velocity, 
(b)  For  low  velocities,  Oj  and  <I>2  approaches  a 
2  2 

dependence  on  and  !^_ ,  respectively. 
c2  2c2 


Surpassing  the  barrier  of  the  velocity  of  light  the 
kinetic  energy  of  the  particle  diminishes,  as  illustrated  in 
Figure  2  (a).  The  fall  in  the  kinetic  energy  with  an 


increase  in  the  velocity  is  an  interesting  effect  because  it 
is  not  necessary  to  increase  the  energy  of  the  particle  to 
increases  its  velocity.  On  the  contrary,  the  particle  needs 
to  lose  energy  (by  radiation?)  to  increase  its  velocity. 
The  vacuum  for  superluminal  particles  behaves  as  a 
superfluid.  If  the  superluminal  particle  emits  light  to 
lose  kinetic  energy  the  emitted  photons  may  be  luminal, 
thus,  not  changing  the  refractive  index  of  the  vacuum. 
The  radiation  emitted  by  the  superluminal  particle  may 
be  similar  to  the  Cerenkov  radiation.  In  fact,  the  new 
equations  presented  here  may  be  rewritten  for  the 
propagation  of  particles  in  a  material  medium  other  than 
vacuum  (refractive  index  >  1),  thus  serving  as  an 
explanation  for  the  Cerenkov  radiation  in  liquid  and 
solid  materials. 

Just  as  in  the  dynamics  of  a  resonance  problem,  the 
value  of  the  energy  of  the  luminal  particle  should  be 
very  high  due  to  the  singularity  at  v  =  c,  but  not  infinite. 
Other  conditions  are  necessary  to  calculate  its  limit. 
Equation  (6)  explicitly  shows  that  the  kinetic  energy 
depends  directly  on  the  mass  of  the  particle,  thus 
particles  with  larger  mass  will  have  to  have  larger 
energies  to  become  luminal  particles.  We  did  not  find 
any  support  in  our  derivation  for  the  supposition  that 
luminal  particles  have  to  have  zero  mass. 


5.  CONCLUSIONS 

Through  the  use  of  the  beyond-Lorentz  transformations 
(velocity  of  light  is  constant)  we  derived  a  new  equation 
for  the  invariant  momentum-velocity  of  particles  that 
can  be  applied  to  subluminal  or  superluminal  particles. 
Good  agreement  of  this  new  equation  was  demonstrated 
(for  subluminal  velocities)  with  the  relativistic 
momentum  and  with  Newtonian  momentum,  in  its 
respective  range  of  application.  For  superluminal 
particles  this  new  equation  foresees  that  the  momentum 
is  strongly  attenuated  with  an  increase  of  velocity.  The 
kinetic  energy  calculated  using  this  new  equation  for  the 
momentum  shows  a  maximum  at  the  velocity  of  light 
and  decays  at  subluminal  or  superluminal  velocities. 
There  is  also  a  good  agreement  with  the  relativistic  and 
Newtonian  results  for  subluminal  velocities.  However, 
there  is  no  need  to  consider  an  energy  associated  with 
the  rest-mass  of  the  particle  to  calculate  its  kinetic 
energy. 
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Abstract 

The  conditions  reviewed  for  degeneration  in  an  electron 
bunch  treated  as  a  Fermi  gas.  Some  comparison  made 
for  photoinjectors  and  storage  rings.  In  some  cases  a 
quantum  limitations  are  very  close. 

1  INTRODUCTION 

In  recent  times  some  interest  is  growing  to  the  beams 
with  minimal  emittance  [1-3].  Schemes  proposed  which 
look  like  they  even  could  reach  the  quantum  limit  in 
beam  emittance.  However,  in  some  of  these  publications 
claimed  that  the  minimal  normalized  emittance  of  the 
beam  is  defined  by  uncertainty  principle  only  like 
=XC/ 2,  where  Xc  =  h/mc  =  3.8610"ncm  -is  a 

Compton  wavelength  [2,3].  Meanwhile  it  is  well  known 
that  the  Fermi- particles  could  not  occupy  the  same 
states.  This  fact  yields  that  for  the  beam  with  population 
equals  N,  the  minimal  emittance  is  N  times  bigger,  than 
indicated  above.  This  fact  was  illuminated  first  in  [1], 

2  CONDITION  FOR  DEGENERATION 

Electron  gas  has  a  tendency  to  generate  with  lowering 
its  temperature.  If  gas  is  fully  degenerated,  each  state 
occupied  by  a  pair  of  electrons  having  different  spin 
orientation.  Basically  we  have  definition  of  degenerated 
state  as  one  having  temperature  small  compared  with 
Fermi  energy  EF  [4].  The  last  is  the  highest  one  while 

states  are  tightly  packed.  We  will  consider  the  minimal 
emittance  definition  from  two  slightly  different 
approaches.  First  uses  the  fact,  that  there  are  no  free 
states  in  a  system  below  EF .  This  yields  that  the 
number  of  states  equals  to  the  number  of  the  particles  in 
the  beam.  This  definition  basically  corresponds  to 
assumption  that  the  beam  has  zero  temperature.  We  will 
simply  calculate  the  number  of  allowed  states.  The 
second  approach,  indeed,  uses  the  definition  of  the 
beam  temperature  in  a  moving  system  of  reference.  We 
compare  the  emittance  restrictions  obtained  with  these 
two  approaches.  Ultrarelativistic  electron  gas  becomes 
more  ideal  in  a  Lab  frame  with  increasing  its  energy 
due  to  cancellation  of  forces  between  the  particles  as 
~Vf.  In  principle,  some  amount  of  particles  with 

opposite  charge  can  be  added  to  the  beam  moving  along 
a  straight  line  in  a  focusing  channel  [7], 


Now  let  us  estimate  the  minimal  emittance  from  the 
compact  packing  approach.  For  the  electrons  in  a  volume 
V,  the  number  of  states  with  absolute  magnitude  of 
momentum  in  the  interval  from  pr  „ ,  to  n  v +dpr  „  „  is 


dnS2dP-iP’dP;'V 

(2  jthf 


(i) 


where  factor  2  reflects  two  possibilities  for  spin 
statement.  Let  us  suggest  that  all  lower  states  are 
occupied  up  to  the  highest  one.  Then  the  number  of  the 
states  equals  to  the  number  of  the  particles  in  the 


volume.  The  Fermi-momenta  pF  defined  as 


N  = 


|  dn  =  2  • 


An  p\ -V  ~%kV 
3  (2M)3  “34’ 


(2) 


where  XB  =  2 7lh  /  pF  is  the  length  of  the  de-Broigle 
wave  corresponding  to  the  particle  with  Fermi  energy. 
So  the  density  N/V  in  degenerated  Fermi-gas 
corresponds  to  the  reverse  cube  of  de-Broigle 
wavelength,  corresponding  to  the  Fermi  momenta.  In 
formula  (1)  for  the  number  of  states  the  variables 
(momenta  and  coordinate)  are  canonically  conjugated. 
The  particles  in  a  focusing  system  behave  more  likely  as 
a  harmonic  oscillator.  Description  of  transverse  motion 
with  envelope  function  satisfy  the  requirements  to  be  a 
canonically  conjugated  as 

PxP&  =mcrj£x  'Px  ■  m<T^y  'Py  ■  -ffiy  >  (3) 

where  px  v-are  the  envelope  function.  The  total  number 


of  electrons  in  these  states  can  be  estimated  for  uniform 
distribution  from  (1)  using  (3) 


N-\dfl~  2PxPyAPW  S±lb  ~  27E^h(Ap\\  'Pq) 


{27th) 


(2 7&cf 


.  (4) 


or  (^x)(7Fv)(7£s)>(X)(2^Xc)3A,  (5) 


where  }ES  =  }lh  /  p0)  -is  an  invariant  longitudinal 


emittance,  lh  -is  the  bunch  length,  (A/z,  /  p0)~  the 


relative  momentum  spread  in  the  beam,  JEx  and  }€y  - 

are  the  transverse  horizontal  and  vertical  emittances.  We 
can  also  say,  that  the  beam  with  the  number  of  the 
particles  N  cannot  have  emittances  lower  than  defined  by 
(5)  as  all  lower  states  are  occupied.  So  in  that  sense 
formula  (5)  corresponds  to  zero  beam  temperature  and 
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cold  be  treated  as  absolute  lower  limit  for  the  beam 
emittances.  The  right  side  in  (5)  is  tremendously  small 
as  (27rXc)3  =  1.4-10-30cm3.  So  even  for  N  =  10'°  the 

right  side  in  (5)  will  be  <*=  1 0-20  cm3. 

Now  let  us  estimate  the  minimal  emittance  from  the 
requirement  that  the  beam  temperature  is  much  less, 
than  the  Fermi  energy.  This  condition  is  weaker,  that 

(5) .  From  (2)  one  can  obtain 

pF=(3/Sx?n27thp'n,  (6) 

were p  ~  N IV  -is  a  density  in  the  rest  frame.  From 

(6)  one  can  obtain,  that  the  Fermi  energy  is 

to 

2m  2m 

or  EF=cpF=(37C2)mhcpm,  (8) 

if  the  particles  in  the  rest  frame  are  relativistic.  The 
formulas  (7),  (8)  represent  the  height  of  the  well. 

Using  (7)  or  (8)  one  can  find  the  condition  for 
degeneration  as 

k„T  < >  mc2(X3cp)m, 

or  kBT  <{3n2)mmc2QCcp)v\ 

where  kB  =1.38- 10"23  J/°K  -is  Boltzmann’s  constant. 
The  electron  gas  temperature  T  in  a  moving  frame  can 
be  calculated  using  (3).  The  transverse  momenta  is 
invariant  and  the  transverse  kinetic  energy  is 

-^L  +  —L-  = - m  c  Y — -H - m2c  r2  — • 


-mc2(X3cp)213 , 


Px  Py  1  2  2  2  £ x  1  ?  2  .2 

-JL-  +  -±-  =  — m  e  y  -t -A - -m2c2y2  — . 

2m  2m  2m  fix  2m  J3y 


Full  energy  is  a  sum  of  kinetic  and  potential  energy  of 
motion  in  a  focusing  system.  According  to  the  virial 
theorem  for  harmonic  oscillator  the  average  potential 
energy  equals  to  the  kinetic  one.  So  the  temperature  of 
the  beam  could  be  represented  as  the  following 

\NkJ =N-m^yEjPx  +Y$/Py  +/?2(^|  /Po)2/7\’  (9) 

where  /?2  =  1-  is  a  square  of  normalized  speed  in  the 
lab  frame.  Let  us  consider  one  example.  In  damping 
rings  developed  as  injectors  for  future  linear  colliders, 
typical  values  are  Pxx  =  10m,  lb  =  lem,  £p!p=5-\(f, 

yEs  =  3  cm,  JEX  =  3  •  lO^cm  rad,  yEy  =3 -lOT6  cm  rad. 

This  gives  §kBTsmc2){3-l(r7 +3-10^  +410-“].  One 

can  see  that  despite  the  longitudinal  emittance  is  the 
biggest  one,  the  longitudinal  temperature  is  the  lowest 
one.  This  yields  the  possibility  for  redistribution  the 
temperatures.  Compare  formula  (9)  with  (8)  one  can 
obtain  for  relativistic  electron  gas 

mc?y  ^r+^r+~  —  «(3n2)U3m<?(%cp)V3, 

Px  Py  ryPo)_ 


where  p  =  p0/y  ,  pQ  -is  the  density  in  the  Laboratory 
frame.  Neglecting  the  longitudinal  temperature  and 
supposing  that,  JEX  ~}Ey  one  can  obtain  the  condition 

(: yexY  <  P2xX3cn !{fib ).  (io) 

Substitute  here  for  estimation  px~lb~\  cm, 

(V  =  1010,  y  =  6 •  103 ,  one  can  obtain  ysx<2-lQ'*  cm 

rad.  This  is  estimation  for  the  maximal  possible 
transverse  emittance  required  for  degeneration.  One  can 
compare  this  figure  with  the  one  suggested  for  the  Linear 
Collider.  From  the  other  hand  this  is  not  drastically 
lower,  than  for  specially  designed  coolers,  see  lower. 

3  REDUCTION  OF  DIMENSIONS 

We  suggested  that  the  phase  space  corresponds  to  3D 
motion  in  real  space.  So  the  particle  could  reach  every 
point  in  phase  space.  Defining  the  speed  of  motion  in  the 

rest  frame  as  V  =  ^3kBT  /  m  ,  one  can  find  the 

frequency  of  collision  fx  v  with  the  potential  wall  as 

/*,  =—  =  Cyj  Y(7€x,y  )  !  Px,y  / ^x,y  )Px,y  1 Y 

ax,y  Px.y 

like  it  must  be  if  one  transforms  the  frequency  into 
moving  frame.  This  frequency  does  not  depend  on 
emittance.  For  longitudinal  motion  one  can  estimate 
fs  — 1|  j}lh  —  c(Ap/  p)/}lb .  So  one  can  see  that  the 

frequency  of  longitudinal  oscillations  is  much  smaller, 
than  the  transverse.  In  motion  along  the  focusing  channel 
the  longitudinal  motion  is  practically  absent  at  all.  So 
for  a  two-dimensional  phase  space 

(^)(^,)>(K)(2^Xc)2N.  (12) 

Considerations  [5]  show  that  thermalization  due  to 
intrabeam  scattering  (also  through  the  third  agent,  such 
as  a  resistive  wall  or  parasitic  cavity)  can  happen  only 
when  momentum  compaction  factor  is  negative. 

From  quantum  mechanical  consideration  of  the 
problem,  for  N  fermions  the  wave  function  is  fully  anti¬ 
symmetric  one.  It  could  be  written  as  a  Slater's 
determinant.  As  the  particles  experience  the  motion  in  a 
kind  of  harmonic  oscillator  potential,  the  energy  of  each 
particle  is  proportional 

E  =  Ekin+^KiXf,  i  =  1,2,3,  (14) 

where  A'-is  the  effective  rigidity  for  selected  degree  of 
freedom.  Using  methods  of  quantum  mechanics  one  can 
obtain  that  the  energy  of  ground  state  is 

f—1,3  ^  n= 1 

where  n  counts  the  states  occupied  and  <y.  =  ^K~Jm  - 
is  a  partial  frequency.  Expanding  (15)  one  can  obtain 
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E0  =  N2  •  =  7  •  cb,  i  =  1,2,3 ,  (16) 

where |/J  =  h-N2 could  be  treated  as  total  action.  So  for 

one  degree  of  freedom  using  (3)  one  can  obtain 

Px  bc=m^exlpx -JeJx  =mc(y$)N.  (17) 

This  could  be  called  the  total  action  for  selected  degree 
of  freedom.  Equaling  (16)  to  the  value  of  action  from 
(17)  one  can  find  the  minimal  emittance  as 

(yex)  =  hN2  Imc-N  =  XCN .  (18) 

For  a  typical  bunch  population  N  ~  1010  (18)  will  be 
=3.8- 1  (T1 1  d°  =0.38  cm  only.  So  we  are  coming 

to  fundamental  conclusion  that  one-dimensional  system 
is  always  degenerated  under  real  conditions.  That  means 
that  there  is  no  dynamic  aperture  for  the  particles  in  ID. 
In  that  sense  the  claim  that  so  called  Mobius  ring  [6] 
brings  particle  motion  into  ID  and,  hence,  has  some 
advantages,  needs  to  be  treated  with  cautions. 

4  COOLERS  AND  BEAMS 

One  type  of  a  cooler  able  to  reach  extreme  emittances 
considered  in  [7].  Basically  it  contains  the  dipole 
wigglers  and  accelerating  cavities  installed  in  series  so 
the  average  energy  of  the  beam  kept  constant.  It  gives 
the  emittances  obtained  after  considerations  the 
radiation  dynamics  for  a  single  electron  as 

0 =  (X)  ■  *c£(l  +  K2x/2)Kx/X  (19) 

0 €y)=(y2)-xjyKx/%,  (20) 

where  /?  -are  averaged  envelope  functions  in  the 

wiggler.  K  =  eH±A  /  2jmic2 ,  H±  -is  the  magnetic 
field  in  the  wiggler,  A  -is  the  wiggler  period.  The  last 
formulas  together  with  the  cooling  time 

tcool  =  C/2)-(X2/cK2r),  (2i) 

defines  the  cooling  dynamics  under  SR.  One  can  see 
that  equilibrium  invariant  emittances  do  not  depend  on 
energy.  In  addition,  quantum  equilibrium  vertical 
emittance  and  the  cooling  time  do  not  depend  on  the 
wiggler  period.  For  successful  operation  of  Laser  Linear 
Collider  the  only  AT  =  106  particles  required  [6],  If  the 
J3yKx/X~\,  then,  formally,  the  emittance  could  be 

close  to  (y£y  )  ~  (/2)XC .  The  last  means  that  quantum 

limitations  for  the  lowest  emittance  are  important  here. 
So  one  can  treat  this  as  emittance  occupied  by  a  phase 
trajectory  of  a  single  electron.  For  radiation  in  dipole 
wiggler  the  electron  in  a  ground  state  remains  radiating 
the  photons.  So  to  damp  the  transverse  emittance  any 
electron  must  re-radiate  its  full  energy.  This  brings 
some  final  equilibrium  emittance  like  (19),  (20).  Until 
this  emittance  is  big  compared  with  (4)  there  is  no 


confusion. 

In  [3]  there  was  considered  the  radiation  effects  in  a 
focusing  channel.  The  last  might  be  a  sequence  of 
focusing  and  defocusing  lenses  (what  is  basically  a 
quadrupole  wiggler).  Here  the  electron  in  a  ground  state 
is  not  radiating.  So  there  is  no  formal  requirements  for 
re-radiation  of  particle’s  full  energy.  However  in  this 
publication  was  clamed  that  the  energy  of  the  ground 
state  is  E0  =h(0(}^  + n) ,  n= 0  and  the  minimal 
emittance  for  the  beam  here  could  be  as  low  as 
(j€y)  ~  OO^c  ■  One  can  see  that  the  factor  associated 

with  the  number  of  the  particles  is  missed  here.  One  can 
see  also  that  there  are  no  advantages  between  dipole  and 
quadrupole  wiggler  from  the  point  of  minimal  emittance. 
We  can  add,  that  the  quantum  limitation  occurs  much 
earlier.  In  contrast,  the  cooling  time  for  a  traditional 
dipole  wiggler  is  much  smaller,  than  for  quadrupole  one. 

In  [8]  there  was  considered  the  radiation  of  a 
relativistic  electron  in  a  solenoid.  It  was  shown  here  that 
radiation  here  carries  out  the  transverse  energy  only.  In 
that  sense  the  particle  in  a  ground  state  is  not  radiated 
also.  This  means  that  electron  can  decrease  its’  emittance 
without  re-radiation  of  its’  full  energy. 

There  was  made  a  comparison  of  the  lowest  emittances 
in  the  RF  photo-injectors  and  (5)  in  [9],  In  some  cases 
the  quantum  limitation  (5)  is  close. 
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Abstract 

Present  understanding  of  accelerator  optics  is  based  mainly 
on  classical  mechanics  and  electrodynamics.  In  recent 
years  quantum  theory  of  charged-particle  beam  optics  has 
been  under  development.  In  this  paper  the  newly  developed 
formalism  is  outlined. 

Charged-particle  beam  optics,  or  the  theory  of  transport 
of  charged-particle  beams  through  electromagnetic  sys¬ 
tems,  is  traditionally  dealt  with  using  classical  mechanics. 
This  is  the  case  in  ion  optics,  electron  microscopy,  acceler¬ 
ator  physics  etc  [l]-[4].  The  classical  treatment  of  charged- 
particle  beam  optics  has  been  extremely  successful,  in  the 
designing  and  working  of  numerous  optical  devices  from 
electron  microscopes  to  very  large  particle  accelerators,  in¬ 
cluding  polarized  beam  accelerators.  It  is  natural  to  look 
for  a  prescription  based  on  the  quantum  theory,  since  any 
physical  system  is  quantum  at  the  fundamental  level!  Such 
a  prescription  is  sure  to  explain  the  grand  success  of  the 
classical  theories  and  may  also  help  towards  a  deeper  un¬ 
derstanding  and  designing  of  certain  charged-particle  beam 
devices.  To  date  the  curiosity  to  justify  the  success  of 
the  classical  theories  as  a  limit  of  a  quantum  theory  has 
been  the  main  motivation  to  look  for  a  quantum  prescrip¬ 
tion.  But,  with  ever  increasing  demand  for  higher  lumi¬ 
nosities  and  the  need  for  polarized  beam  accelerators  in  ba¬ 
sic  physics,  we  strongly  believe  that  the  quantum  theories, 
which  up  till  now  were  an  isolated  academic  curiosity  will 
have  a  significant  role  to  play  in  designing  and  working  of 
such  devices. 

It  is  historically  very  curious  that  the,  quantum  ap¬ 
proaches  to  the  charged-particle  beam  optics  have  been 
very  modest  and  have  a  very  brief  history  as  pointed  out 
in  the  third  volume  of  the  three- volume  encyclopaedic  text 
book  of  Hawkes  and  Kasper  [5].  In  the  context  of  accelera¬ 
tor  physics  the  grand  success  of  the  classical  theories  orig¬ 
inates  from  the  fact  that  the  de  Broglie  wavelength  of  the 
( high  energy)  beam  particle  is  very  small  compared  to  the 
typical  apertures  of  the  cavities  in  accelerators.  This  and 
related  details  have  been  pointed  out  in  the  recent  article 
of  Chen  [6].  A  detailed  account  of  the  quantum  aspects 
of  beam  physics  is  to  be  found  in  the  Proceedings  of  the 
recently  held  15th  Advanced  ICFA  Beam  Dynamics  Work¬ 
shop  [7]. 

A  beginning  of  a  quantum  formalism  starting  ab  initio 
with  the  Dirac  equation  was  made  only  recently[8]-[9].  The 
formalism  of  Jagannathanet  al  was  the  first  one  to  use  the 
Dirac  equation  to  derive  the  focusing  theory  of  electron 
lenses,  in  particular  for  magnetic  and  electrostatic  axially 
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symmetric  and  quadrupole  lenses  respectively.  This  for¬ 
malism  further  outlined  the  recipe  to  obtain  a  quantum  the¬ 
ory  of  aberrations.  Details  of  these  and  some  of  the  related 
developments  in  the  quantum  theory  of  charged-particle 
beam  optics  can  be  found  in  the  references  [8]-[  17].  I  shall 
briefly  state  the  central  theme  of  the  quantum  formalism. 

The  starting  point  to  obtain  a  quantum  prescription  is 
to  build  a  theory  based  on  the  basic  equations  of  quantum 
mechanics  appropriate  to  the  situation  under  study.  For 
situations  when  either  there  is  no  spin  or  spinor  effects 
are  believed  to  be  small  and  ignorable  we  start  with  the 
scalar  Klein-Gordon  and  Schrodinger  equations  for  rela¬ 
tivistic  and  nonrelativistic  cases  respectively.  For  electrons, 
protons  and  other  spin- A  particles  it  is  natural  to  start  with 
the  Dirac  equation,  the  equation  for  spin-|  particles.  In 
practice  we  do  not  have  to  care  about  the  other  (higher  spin) 
equations. 

In  many  situations  the  electromagnetic  fields  are  static 
or  can  reasonably  assumed  to  be  static.  In  many  such  de¬ 
vices  one  can  further  ignore  the  times  of  flights  which  are 
negligible  or  of  not  direct  interest  as  the  emphasis  is  more 
on  the  profiles  of  the  trajectories.  The  idea  is  to  analyze  the 
evolution  of  the  beam  parameters  of  the  various  individ¬ 
ual  charged-particle  beam  optical  elements  (quadrupoles, 
bending  magnets,  •  •  ■)  along  the  optic  axis  of  the  system. 
This  in  the  language  of  the  quantum  formalism  would  re¬ 
quire  to  know  the  evolution  of  the  wavefunction  of  the 
beam  particles  as  a  function  of  ‘s’,  the  coordinate  along  the 
optic  axis.  Irrespective  of  the  starting  basic  time-dependent 
equation  (Schrodinger,  Klein-Gordon,  Dirac,  ■  •  •)  the  first 
step  is  to  obtain  an  equation  of  the  form 

Q 

(x,y,s)  =  H(x,y,  s)ip(x,y,s)  ,  (1) 

where  (x,  y;  s )  constitute  a  curvilinear  coordinate  system, 
adapted  to  the  geometry  of  the  system.  For  systems  with 
straight  optic  axis,  as  it  is  customary  we  shall  choose  the 
optic  axis  to  lie  along  the  Z- axis  and  consequently  we  have 
s  —  z  and  (x,  y;  z )  constitutes  a  rectilinear  coordinate  sys¬ 
tem.  Eq.  (I)  is  the  basic  equation  in  the  quantum  formalism 
and  we  call  it  as  the  beam-optical  equation-,  H  and  ip  as  the 
beam-optical  Hamiltonian  and  the  beam  wavefunction  re¬ 
spectively.  The  second  step  requires  to  obtain  a  relationship 
for  any  relevant  observable  {(O)  (s)}  at  the  transverse- 
plane  at  s  to  the  observable  {(O)  (s;n)}  at  the  transverse 
plane  at  Sjn,  where  Sjn  is  some  input  reference  point.  This 
is  achieved  by  the  integration  of  the  beam-optical  equation 
in  (1) 

tp(x,y;s )  =  U(s,sin)ip(x,y,sin)  ,  (2) 
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which  gives  the  required  transfer  maps 


(O)  (Sin) 


(0)(s) 

(ip(x,y\s)  \0\ip(x,y;s)}  , 


(i>(x,y,sin)  &OU  xjj(x,y;sin)^(,3) 


The  two-step  algorithm  stated  above  may  give  an  over¬ 
simplified  picture  of  the  quantum  formalism  than,  it  actu¬ 
ally  is.  There  are  several  crucial  points  to  be  noted.  The 
first-step  in  the  algorithm  of  obtaining  the  beam-optical 
equation  is  not  to  be  treated  as  a  mere  transformation  which 
eliminates  t  in  preference  to  a  variable  s  along  the  optic 
axis.  A  clever  set  of  transforms  are  required  which  not  only 
eliminate  the  variable  t  in  preference  to  s  but  also  gives  us 
the  s-dependent  equation  which  has  a  close  physical  and 
mathematical  analogy  with  the  original  f-dependent  equa¬ 
tion  of  standard  time-dependent  quantum  mechanics.  The 
imposition  of  this  stringent  requirement  on  the  construction 
of  the  beam-optical  equation  ensures  the  execution  of  the 
second-step  of  the  algorithm.  The  beam-optical  equation  is 
such,  that  all  the  required  rich  machinery  of  quantum  me¬ 
chanics  becomes  applicable  to  compute  the  transfer  maps 
characterizing  the  optical  system.  This  describes  the  essen¬ 
tial  scheme  of  obtaining  the  quantum  formalism.  Rest  is 
mostly  a  mathematical  detail  which  is  built  in  the  powerful 
algebraic  machinery  of  the  algorithm,  accompanied  with 
some  reasonable  assumptions  and  approximations  dictated 
by  the  physical  considerations.  For  instance,  a  straight  op¬ 
tic  axis  is  a  reasonable  assumption  and  paraxial  approx¬ 
imation  constitute  a  justifiable  approximation  to  describe 
the  ideal  behaviour. 

Before  explicitly  looking  at  the  execution  of  the  algo¬ 
rithm  leading  to  the  quantum  formalism  in  the  spinor  case, 
we  further  make  note  of  certain  other  features.  Step-one  of 
the  algorithm  is  achieved  by  a  set  of  clever  transformations 
and  an  exact  expression  for  the  beam-optical  Hamiltonian 
is  obtained  in  the  case  of  Schrodinger,  Klein-Gordon  and 
Dirac  equations  respectively,  without  resorting  to  any  ap¬ 
proximations!  We  expect  this  to  be  true  even  in  the  case  of 
higher-spin  equations.  The  approximations  are  made  only 
at  step-two  of  the  algorithm,  while  integrating  the  beam- 
optical  equation  and  computing  the  transfer  maps  for  aver¬ 
ages  of  the  beam  parameters.  Existence  of  approximations 
in  the  description  of  nonlinear  behaviour  is  not  uncommon 
and  should  come  as  no  surprise,  afterall  the  beam  optics 
constitutes  a  nonlinear  system.  The  nature  of  these  approx¬ 
imations  can  be  best  summarized  in  the  optical  terminology 
as;  a  systematic  procedure  of  expanding  the  beam  optical 
Hamiltonian  in  a  power  series  of  |7r _l/po|  where  po  is  the 
design  (or  average)  momentum  of  beam  particles  moving 
predominantly  along  the  direction  of  the  optic  axis  and  7f  x 
is  the  small  transverse  kinetic  momentum.  The  leading  or¬ 
der  approximation  along  with  |7fx/po|  C  1  constitutes  the 
paraxial  or  ideal  behaviour  and  higher  order  terms  in  the  ex¬ 
pansion  give  rise  to  the  nonlinear  or  aberrating  behaviour. 
It  is  seen  that  the  paraxial  and  aberrating  behaviour  get 
modified  by  the  quantum  contributions  which  are  in  pow¬ 


ers  of  the  de  Broglie  wavelength  (Ao  =  2tt %/pf).  Lastly, 
and  importantly  the  question  of  the  classical  limit  of  the 
quantum  formalism;  it  reproduces  the  well  known  Lie  alge¬ 
braic  formalism  of  charged-particle  beam  optics  pioneered 
by  Dragt  et  al  [18]. 

We  start  with  the  Dirac  equation  in  the  presence  of  static 
electromagnetic  field  with  potentials  ( <f>(r ),  A(r)) 

H d  IV’d)  =  E  | ipo)  ,  (4) 

where  | ipo)  is  the  time-independent  4-component  Dirac 
spinor,  E  is  the  energy  of  the  beam  particle  and  the  Hamil¬ 
tonian  Hd,  including  the  Pauli  term  in  the  usual  notation 
is 


Hd  =  (3m0c2  +  cap-  /i0/3E  ■  B ,  (5) 


where  n  =  p  —  qA  =  —ihV  —  qA.  After  a  series  of  trans¬ 
formations  (see  [14]  for  details)  we  obtain  the  accelerator 
optical  Hamiltonian  to  the  leading  order  approximation 


m 


with 


H{A)  v>(j4))  , 


"Po  “  +  Wo*1 

+™o.  -S, 


Po 

1 

7m0 


{qB  +  e(B y  +  7-B_l)}  (6) 


where  =  7t2  +  n2,  e  =  2mopa/h,  7  =  E/moc 2,  and 
S  =  \%(T  .  We  can  recognize  H ^  as  the  quantum  me¬ 
chanical,  accelerator  optical,  version  of  the  well  known 
semiclassical  Derbenev-Kondratenko  Hamiltonian  [19]  in 
the  leading  order  approximation.  We  can  obtain  corrections 
to  this  by  going  an  order  beyond  the  first  order  calculation. 

It  is  straightforwrd  to  compute  the  transfer  maps  for 
a  specific  geometry  and  the  detailed  discussion  with  the 
quantum  corrections  can  be  found  in  [14].  In  the  classical 
limit  we  recover  the  Lie  algebraic  formalism  [18]. 

One  practical  application  of  the  quantum  formalism 
would  be  to  get  a  deeper  understanding  of  the  polarized 
beams.  A  proposal  to  produce  polarized  beams  using  the 
proposed  spin-splitter  devices  based  on  the  classical  Stem- 
Gerlach  kicks  hais  been  presented  recently  [20]. 

Lastly  it  is  speculated  that  the  quantum  theory  of 
charged-particle  beam  Optics  will  be  able  to  resolve  the 
choice  of  the  position  operator  in  the  Dirac  theory  and 
the  related  question  of  the  form  of  the  force  experi¬ 
enced  by  a  charged-particle  in  external  electromagnetic 
fields  [19],  [21],  This  will  be  possible  provided  one  can  do 
an  extremely  high  precision  experiment  to  detect  the  small 
differences  arising  in  the  transfer  maps  from  the  different 
choices  of  the  position  operators.  These  differences  shall 
be  very  small,  i.e.,  proportional  to  powers  of  the  de  Broglie 
wavelength.  It  is  the  extremely  small  magnitude  of  these 
minute  differences  which  makes  the  exercise  so  challeng¬ 
ing  and  speculative! 
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Abstract 

We  examine  a  problem  in  nonlinear  dynamics  in  which 
both  regular  and  chaotic  motions  are  possible.  Thus  we 
deal  with  some  of  the  fundamental  theoretical  problem  of 
accelerator  physics,  mathematics  theory  of  dynamical  sys¬ 
tems,  and  other  fields  of  physics.  The  focus  is  on  the  ap¬ 
pearance  of  chaos  in  a  beam  distribution.  A  study  of  the 
problem  is  based  on  two  observation:  First,  Using  Lya¬ 
punov  method  and  its  extension  we  obtain  solutions  of  par¬ 
tial  differential  equations  [1,  2].  Using  this  approach  we 
discuss  the  problem  of  finding  a  solution  of  Vlasov-Poisson 
equation  ,  i.e.,  some  stationary  solution  where  we  consider 
magnetic  field  as  some  disturbance  with  a  small  parameter. 
Thus  the  solution  of  Vlasov  equation  yields  an  asymptotic 
series  such  that  the  solution  of  Vlasov-Poisson  equation  is 
the  basis  solution  for  one.  The  second  observation  is  that 
physical  chaos  is  weakly  limit  of,  well  known,  the  Landau 
bifurcation’s.  This  fact  we  have  proved  using  ideas  on  the 
Nature  of  Turbulence  [3]. 

1  INTRODUCTION 

The  aim  of  this  paper  is  to  find  the  solution  for  Vlasov- 
Poisson  (VP)  equation  in  the  attraction  region  of  an  integral 
manifold.  As  known  VP  is  system  which  can  be  written  as 
follows 

dtf +  vdxf  +  E{tp)dvf  =  0  (1) 

A{7(t^  )  =  4n~fp(tp  )  (2) 

Where 

E(tp  )  :  =-dxU{tp)\  (3) 

p{t?  )  ■  =J  fitpp  )dv.  (4) 

Here  we  have  7  =  4-  3/  =  f(tpp  )  is  the  distribution 
of  the  particles  in  phase  space  depending  upon  the  time 
t  >  0,  the  position  x  €  Rn  and  the  velocity,  U  =  U {tp  ) 
is  the  Newtonian  potential  .  The  quantity  n  indicates 
the  space  dimension.  If  not  stated  otherwise,  we  assume 
n  =  3.  With  the  opposite  sign  of  7  ,  i.e.  for  7  =  —1,  the 
VP  system  is  used  as  a  first 

*  Supported  by  U.S.  Department  of  Energy  contract  number  DE-AC02- 
98CH 10886. 

'  E-mail:  parsa@bnl.gov 

f  E-mail:  zvf@umex.istrada.net.ua 


model  to  describe  the  evolution  of  equally  charged 
particles  (with  repulsive  forces)  in  plasma  physics. 

As  well  known,  this  system  is  considered  to  be  an  ap¬ 
proximation  to  the  more  involved  Vlasov-Maxwell  system 
[1],  Below  we  shall  reduce  the  quasi  linear  equation  (1,2) 
to  a  linear  partial  differential  equation  of  first  order. 


2  LANDAU  BIFURCATION  AND 
WEAKLY-  CONVERGENCE 

Using  the  arguments  in  [4],  we  get 

f{t?P  )  =  fo(xp  )e~lult .  (5) 

Thus,  the  function  fo(xp  )  satisfies  equation 


dxf0  +  dvfoE  =  iujfo  (6) 


Let 


Po 


j  fo(xp  )dv 


(7) 


then  the  coefficients  of  the  equation  be  independent  of  the 
time  t  .  A  general  solution  }{tpp  )  may  be  introduced 
by  a  sum  of  the  particular  solutions  such  that  the  function 
/  depends  on  the  time  by  the  multiplier  of  the  type  e~lult . 
Here  the  frequency  u>  can’t  be  arbitrary.  They  be  defined 
completely  from  the  equation  (6).  The  equation  (6)  is  quasi 
linear  equation.  Using  the  well  known  approach,  we  re¬ 
duce  it  to  a  linear  equation  by  the  way  of  introducing  some 
function: 


w  =  -f0  +  f0(xp  )  =  0,  (8) 


then 


Lw  =  dwxv  -1-  dwvE  =  dw/0  (icjfo)  (9) 

The  equation  (9)  is  a  linear  equation. 

In  the  following,  we  transform  (9)  into  a  Fredholm’s 
equation 


w  =  Rf0 ■  (10) 

Where  R  is  some  kernel  operator,  i.e. 

|  Xi  |<  00,  A,  e  a{R),  (11) 
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here  cr(R)  is  spectrum  of  R  (see  [1],[4]).  Now,  by  differen¬ 
tiating  equation  (10)  with  respect  to  the  given  VP  system, 
we  obtain 


fo  =  M#/o  (12) 

where  R  =  LR,  and  [i  =  Suppose  there  exists 

a  small  bounded  set  of  data  ( x ,  v)  such  that  Ro  is  a  small 
operator: 


|  n  |<  mes  |  f Ijy  HI  Ri\\  1  .  (13) 

We  assume  that  the  measure  of  the  domain  SLv  increases 
with  increasing  number  N,  and  w  -4  0  .  This  case  yields 
to  some  bifurcation  sequence.  One  may  be  the  divergent 
series  or  the  convergent  series.  The  term  ’’the  convergent” 
may  have  the  various  sense. 

Theorem:  Under  the  assumption  |  /on  |<  1  for  all  N, 
there  is  an  invariant  measure  ro  such  that  lim/y-^oo  dr/v  = 
foNdx  =  dr°  .  This  measure  be  a  stochastic  measure  on 
the  manifold  fo(x,v)  =  1.  Thus  we  have  an  ergodic  mo¬ 
tion  on  this  manifold.  As  opposed  to  first  case,  we  have  a 
wave  motion. 

Consequently  the  Landau  chaotisation  take  place  for  se¬ 
ries  bifurcation  is  not  always  true. 

3  REFERENCES 

[1]  Zubov  V.I.,  Integral  Equations  for  the  Lyapunov  Function. 
Soviet  Math.  Dokl.  Vol.  42(1991),  N  2,  p.  535-537. 

[2]  Parsa  Z.,  Zadorozhny  V.F.,  On  the  beam  dynamics  which  has 
been  described  by  Vlasov  Equation.  Proceedings  of  the  fifth 
international  workshop:  Beam  dynamics  &  optimization.  St. 
Petersburg,  Russia,  1998. 

[3]  Rueller  D.,  Takens  F.,  On  the  Nature  of  Turbulence,  common. 
Math.  Phys., 20,167-192,  Springer-  Verlag,1971. 

[4]  Parsa  Z.,  Zadorozhny  V.F.,  On  the  solution  of  Vlasov-Poisson 
equation  in  some  neighborhood  of  a  singular  point  (to  ap¬ 
pear). 


2821 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


SCATTERING  MATRIX  ANALYSIS  OF  THE 
NLC  ACCELERATING  STRUCTURE* 

V.  Dolgashev,  INP,  Novosibirsk,  Russia 
K.  L.  F.  Bane.  Z.  Li,  K.  Ko,  SLAC,  Stanford,  CA 


1  INTRODUCTION 

In  the  Next  Linear  Collider  (NLC)[1],  long  trains  of  short, 
intense  bunches  are  accelerated  through  the  linac  on  their 
way  to  the  collision  point.  One  serious  problem  that  needs 
to  be  addressed  is  the  multi-bunch,  beam  break-up  insta¬ 
bility  in  the  linac.  To  counteract  this  instability  the  ac¬ 
celerating  structures  are  designed  so  that  the  dipole  mode 
wakefields  are  detuned  and  weakly  damped.  Detuning  is 
accomplished  by  gradually  varying  the  dimensions  of  the 
206  cavity  cells  in  each  structure,  and  weak  damping  by 
surrounding  the  structure  with  four  manifolds,  which  allow 
the  dipole  modes  to  weakly  couple  out  of  the  cells.  In  order 
to  design  and  predict  the  performance  of  such  a  structure  in 
the  NLC,  it  is  necessary  to  be  able  to  calculate  accurately 
the  strength  of  its  long-range  wakefields. 

NLC  detuned  structures  were  designed  first  using  an 
equivalent  circuit  approach,  for  example,  the  double  band 
model  of  Ref.  [2],  With  the  introduction  of  weak  damp¬ 
ing,  a  more  elaborate  equivalent  circuit  approach  was 
required[3] .  Other  methods  that  have  been  used  for  detuned 
structures  are  the  open-mode,  field  expansion  method[4], 
and  a  finite  element  calculation  employing  206  parallel 
processors[5j.  A  scattering  matrix  method  can  also  be 
applied  to  cavities  that  consist  of  a  series  of  waveguide 
sections[6],  such  as  the  NLC  structure,  and  such  a  method 
has  also  been  applied  to  the  problem  of  detuned  acceler¬ 
ating  structures[7],[8].  Among  its  natural  strengths  when 
applied  to  structure  problems  are  the  ability  to  model  the 
effects  of  complicated  3  dimensional  couplers  and  to  in¬ 
vestigate  the  behavior  of  higher  passband  modes.  In  this 
report  we  will  employ  a  computer  program  that  uses  such 
an  approach  [9],  to  demonstrate  that  the  scattering  matrix 
method  can  yield  accurate  results  concerning  the  wake¬ 
fields  of  damped,  detuned  accelerating  structures. 

We  begin  by  calculating  the  dipole  mode  impedance  and 
wakefield  of  a  slightly  simplified  version  of  a  detuned  (DT) 
structure,  results  which  we  compare  with  those  of  the  dou¬ 
ble  band  circuit  model.  An  important  related  problem  is 
the  wakefield  effect  caused  by  internal  structure  misalign¬ 
ments,  a  problem  which  has  the  special  difficulty  of  no 
longer  being  cylindrically  symmetric;  and  we  next  study 
the  transverse  kicks  to  the  beam  caused  by  misaligning  just 
one  cell  in  a  DT  structure,  and  compare  results  with  those 
of  a  perturbation  calculation  based  on  the  circuit  model.  Fi¬ 
nally,  a  future  goal  is  to  be  able  to  use  the  scattering  matrix 
formalism  to  model  the  more  complicated  NLC  damped, 
detuned  structure  (DDS),  and  we  present  some  preliminary 
results  toward  this  goal. 

‘Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


2  CIRCUIT  MODEL  COMPARISON 

In  this  report  we  consider  cylindrically  symmetric,  disk- 
loaded  accelerating  structures  at  X-band  (with  fundamen¬ 
tal  frequency  /0  =  1 1 .424  GHz),  but  with  the  simplifica¬ 
tion  that  the  irises  are  rectangular,  and  not  rounded.  Let 
us  consider  an  earlier  version  of  the  NLC  structure,  a  DT 
structure.  It  consists  of  206  cells,  with  Gaussian  detuning 
of  the  dipole  modes,  with  a  central  synchronous  frequency 
/,  =  15.07  GHz,  an  rms  ( fs)rms  =  0.025/s,  and  a  total 
width  A/s  =  0.1/s.  The  structure  period  p  =  8.75  mm, 
iris  thickness  p  —  g  =  1.46  mm,  cavity  radius  b  «  1 1  mm, 
and  iris  radius  a  varying  from  5.9  mm  at  the  beginning  of 
the  structure  to  4.1  mm  at  the  end. 

DT  structures  have  been  modelled  using  a  double  band 
circuit  model  computer  program[2].  If  M  is  the  number 
of  cells  in  a  structure,  this  program  generates  2 M  coupled 
mode  frequencies  fm  and  kick  factors  km.  The  transverse 
wakefield  is  then  given  by 

2  M 

(s)  =  2  k™  sin(27 rfms/c)  e~^s^c  ,  (1) 

m=l 

with  s  the  distance  between  driving  and  test  particles,  c 
the  speed  of  light,  and  Q  the  quality  factor  due  to  the  wall 
resistivity. 

For  the  scattering  matrix  calculations  we  follow  the  ap¬ 
proach  of  Ref.  [6],  implemented  in  the  program  described 
in  Ref.  [9].  A  structure  with  M  cells  is  modeled  by  a  set 
of  2 M  joined  waveguide  sections  of  radii  am  or  bm ,  filled 
with  a  number  of  dipole  TE  and  TM  waveguide  modes. 
For  each  section  the  S-matrix  is  obtained,  and  the  S-matrix 
for  the  composite  chain  is  constructed  by  cascading  the 
individual  S-matrices.  From  this  the  longitudinal  dipole 
impedance  for  a  beam  offset  at  r  =  4  mm  is  calculated, 
from  which,  using  the  Panofsky-Wenzel  theorem,  the  trans¬ 
verse  impedance  Z±  is  obtained.  The  real  part  of  the 
impedance  R±  consists  of  a  series  of  infinitesimally  nar¬ 
row  spikes,  and  to  reduce  the  calculation  time  for  our  prob¬ 
lem  the  peaks  have  been  artifically  widened  by  introducing 
an  imaginary  1 .5  MHz  frequency  shift,  corresponding  to  a 
Q  of  5000  (the  width  of  the  peaks  is  still  narrow  compared 
to  the  minimum  mode  spacing  ~  7  MHz,  however).  The 
number  of  modes  used  in  the  cavity  region  is  15  TE  and  15 
TM  modes,  and  in  the  iris  region  8  TE  and  8  TM  modes. 

To  compare  with  the  circuit  model  results,  the 
impedance  can  be  fit,  for  resonant  frequencies  and  kick 
factors,  to  a  sum  of  Lorentzian  distributions.  Or,  the  area 
under  J?i(/),  averaged  over  frequency  bins — the  average 
impedance  R±. — can  be  compared  to  \k  dn/df  of  the  cir¬ 
cuit  model.  Results  for  all  first  and  second  band  modes, 
comparing  the  kick  factors,  the  density  of  modes,  and  R± 
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for  the  two  methods  are  shown  in  Fig.  1  (to  facilitate  com¬ 
parison,  discrete  results  are  connected  by  straight  lines). 
The  agreement  is  very  good.  There  is  disagreement  in  the 
k  of  the  (much  weaker)  second  band  modes,  but  for  these 
modes  it  is  not  expected  that  the  double-band  circuit  model 
be  accurate.  With  the  S-matrix  approach,  to  obtain  the 
wakefields,  the  fitted  mode  frequencies  and  kick  factors  are 
summed  according  to  Eq.  1 .  Finally,  the  envelope  of  the 
dipole  wake  (with  Q  set  to  6500,  appropriate  for  copper 
wall  losses)  up  to  s  =  80  m  (the  NLC  bunch  train  length) 
for  the  two  methods  is  shown  in  Fig.  2. 


14  15  16  17  18  19  20  21 


f  [GHz] 

Figure  1:  Comparison  with  the  circuit  model. 


102  r  ' — ' — I — ' — r 


s  [m] 


Figure  2:  Wakefield  envelope  comparison. 


3  INTERNAL  MISALIGNMENTS 

If  there  are  internal  misalignments  in  the  accelerating  struc¬ 
ture,  due  to  e.g.  fabrication  errors,  then  even  if  the  beam  is 
aligned  to  the  nominal  structure  axis  there  will  be  resid¬ 
ual  transverse  wakefield  kicks,  both  at  frequencies  near  the 
fundamental  mode  (1 1  GHz)  and  the  1st  band  dipole  modes 
(15  GHz).  In  the  NLC  these  kicks  can,  independent  of  or¬ 
bit,  increase  the  beam  projected  emittance,  and  destroy  the 
resolution  of  the  structure  as  a  beam  position  monitor. 

Internal  misalignments  break  cylindrical  symmetry  in 
geometry,  and  we  study  this  problem  with  a  3-dimensional 
version  of  the  S-matrix  program.  In  the  NLC  what  is 
normally  used  to  estimate  the  effects  of  internal  structure 
misalignments  (due  to  the  dipole  modes)  is  a  perturbative 
approach  based  on  the  circuit  model  solution[10].  The 
method  assumes  that,  for  small  misalignments,  the  mode 
frequencies  and  eigenfunctions  do  not  change  significantly, 
and  the  kick  factors  associated  with  them  can  be  obtained 
through  an  integration  of  fields  along  a  path  described  by 
the  misalignments.  The  result  is  linear  in  cell  offset,  and 
the  effect  of  a  misaligned  structure  can  be  decomposed  into 
many  single-cell  misalignments. 

Let  us  study  the  effect  of  modes  near  15  GHz  on  a 
beam  on-axis  in  a  structure  with  a  single  cell  misaligned. 
We  consider  a  21-cell  section  of  the  DT  structure  de¬ 
scribed  above  (cells  175-195,  with  a  varying  from  4.527- 
4.343  mm).  The  structure  has  been  shortened  to  save  com¬ 
puting  time,  and  this  particular  section  was  chosen  since 
it  contains  many  trapped  dipole  modes  that  do  not  reach, 
and  therefore  are  not  affected  by,  the  boundary  cells.  For 
the  simulations,  45  waveguide  modes  are  used  in  the  cavity 
region  (15  each  of  TM  and  TE  dipole,  and  TM  monopole) 
and  15  modes  in  the  iris  region  (5  modes  of  each  type).  To 
avoid  fundamental  mode  standing  waves,  matching  cells 
were  added  at  the  ends  (with  a,„  =  6.39  mm,  6,„  = 
11.112  mm,  aout  =  5.65  mm,  and  bout  =  10.815  mm), 
and  the  resulting  SWR  at  1 1.4  GHz  is  below  1.02. 

When  one  cell  (of  cells  187-192)  is  misaligned,  the  S- 
matrix  program  finds  that  only  very  few  modes  are  excited 
significantly,  and  that  nearly  the  total  effect  is  due  to  just 
one  or  two  modes.  To  obtain  kick  factors  the  impedance 
was  fitted  to  a  set  of  Lorentzians,  as  before.  The  results 
for  six  cases,  showing  the  kick  of  the  one  or  two  domi¬ 
nant  modes,  are  given  in  Fig  3.  Note  that  here  k  has  been 
normalized  to  1  mm  offset  of  the  shifted  cell;  k  has  also 
been  scaled  to  the  full  206  cell  structure  (by  multiplying 
the  21-cell  result  by  21/206).  Also  shown  in  Fig.  3,  for 
comparison,  is  the  results  of  the  perturbation  calculation 
based  on  the  double-band  circuit  model,  but  with  frequen¬ 
cies  all  shifted  down  by  44  MHz.  The  agreement  is  remark¬ 
ably  good.  It  validates  the  perturbation  theory,  showing  that 
there  is  no  missing  contribution  due  to  having  broken  cylin¬ 
drical  symmetry.  Finally,  note  that  the  sum  of  kick  factors 
due  to  one  misaligned  cell  is  almost  the  same  for  all  cases, 
~  0.3  V/pC/mm/m,  and  that  this  value  is  about  the  same  as 
is  found  in  the  peak  of  the  distribution  for  k  of  Fig.  la. 
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Figure  3:  Largest  kick  factors  for  dipole  modes  near 
15  GHz,  in  a  DT  structure  with  one  cell  misaligned. 

3.1  Transverse  Kick  at  11  GHz 

When  the  monopole  field  interacts  with  a  shifted  cell  it  ex¬ 
cites  a  dipole  field  that  causes  a  transverse  kick  independent 
of  the  position  of  a  witness  bunch.  This  is  true  whether  the 
field  is  external  or  excited  by  the  beam.  The  dipole  field 
does  not  propagate  far  from  the  shifted  cell  because  the  fun¬ 
damental  frequency  is  far  below  the  first  dipole  passband. 
In  Fig.  4  we  plot  the  ratio  of  transverse  to  longitudinal  volt¬ 
age  V±  /Vl  excited  by  the  beam  at  the  fundamental  mode 
frequency.  The  integral  over  the  real  part  is  in  each  case 
zero.  Then  the  transverse  impedance  was  calculated  in  the 
frequency  range  11.4-1 1.5  GHz,  and  the  results  were  in¬ 
verse  Fourier  transformed  to  yield  a  wakefield  (see  Fig.  5). 
Note  that  these  kicks  are  much  weaker  than  those  of  the 
dipole  modes  near  1 5  GHz. 


170  175  180  185  190  195  200 
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Figure  4:  Real  and  imaginary  parts  of  the  ratio  of  transverse 
to  longitudinal  voltage,  excited  at  11.4  GHz  by  an  on-axis 
beam,  in  a  DT  structure  with  one  cell  misaligned. 

4  THE  DDS  STRUCTURE 

The  S-matrix  calculation  was  performed  for  the  geometry 
of  cell  106  in  DDS3,  using  periodic  boundary  conditions. 
DDS3  is  a  disk-loaded  structure,  surrounded  by  4  mani¬ 
folds,  with  rectangular  cross-sections  that  are  aligned  radi¬ 
ally  outward,  and  that  couple  through  a  slot  to  the  struc¬ 
ture  cells.  The  dimesions  are:  a  =  4.783  mm,  b  = 
10.757  mm,  p— g  =  1 .464  mm;  the  manifold  cross-section 


Figure  5:  Wakefield  envelope  of  transverse  kicks  at 
1 1 .4  GHz  due  to  one  misaligned  cell. 

is  5.0  mm x  10.496mm,  and  the  distance  from  manifold 
edge  to  structure  axis  is  11.921  mm.  Modelled  was  1/4  of 
the  cell;  in  the  cavity  region  23  waveguide  modes  (includ¬ 
ing  manifold  modes)  were  used,  in  the  iris  region  28  waveg¬ 
uide  modes.  The  waveguide  modes  were  obtained  using  the 
2-d  finite  element  code  SLANS[1 1],  Final  results  are  com¬ 
pared  in  Fig.  6  with  those  obtained  with  MAFIA[12],  and 
we  see  that  agreement  is  good. 


Figure  6:  Dispersion  curves  for  the  geometry  of  cell  106  of 
DDS3,  including  2  dipole  and  1  manifold  mode. 
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Abstract 

The  beam  shape  in  the  longitudinal  phase  plane  at  the 
extraction  point  of  an  RTM  strongly  depends  on  the 
choice  of  the  stable  phase  of  the  accelerating  cavity.  This 
is  due  to  the  fact  that  the  main  longitudinal  focusing  force 
is  the  derivative  of  the  accelerating  potential  with  respect 
to  time  (or  phase).  Furthermore,  this  focusing  force  is 
applied  to  the  electron  beam  each  turn,  such  that  the 
output  beam  shape  in  the  longitudinal  phase  plane  is 
significantly  affected.  This  effect  can  for  instance  be  used 
in  order  to  minimise  the  bunch  length  or  the  energy 
spread  of  the  output  beam  of  the  RTM.  For  this  paper  we 
have  used  the  lay-out  of  the  Eindhoven  RTM  for  the 
calculations  of  the  stable-phase  variations,  which  have 
been  studied  in  linear  approximation.  The  stable  phase 
area  for  this  RTM  equals  18  degrees.  It  will  be  shown  that 
stable-phase  variations  in  the  order  of  1  degree  already 
have  a  significant  impact  on  the  longitudinal  beam  shape. 
Furthermore,  some  remarks  are  made  on  the 
consequences  of  non-linear  beam  dynamics  in  relation  to 
stable-phase  variations. 

1  BUNCH-LENGTH  COMPRESSION 

In  contrast  to  linear  accelerators  the  shape  of  an  RTM’s 
output  beam  in  the  longitudinal  phase  plane  can  be 
modified.  This  can  be  done  by  changing  the  amplitude 
and  phase  of  the  RTM  cavity.  The  possibility  to  modify 
this  beam  shape  makes  it  possible  to  either  minimise  the 
bunch  length  or  the  energy  spread  of  the  output  beam  [1], 
The  energy  gain  per  turn,  Er,  has  been  chosen  5  MeV 
for  the  Eindhoven  racetrack  microtron.  As  RF 
acceleration  is  being  used  this  energy  gain  Er  is  set  as 

Er  =  E  cos  (<j)s ) ,  (1) 

where  E  is  the  amplitude  and  (j>s  the  stable  phase  of  the 
cavity  voltage.  The  slope  of  the  RF  voltage  at  the  stable 
phase  provides  the  longitudinal  focusing  force.  For  that 
reason  it  is  obvious  that  the  choice  of  the  combination  of 
E  and  <j>s  has  an  influence  on  the  longitudinal  beam  shape 
of  the  RTM’s  output  beam.  As  this  focusing  force  is 
applied  13  times  to  the  electron  beam  it  can  be  expected 
that  a  slightly  different  choice  of  E  and  <j>s  may  have  a 
great  impact. 


First,  this  impact  has  been  studied,  utilising  linear 
motion  only,  see  section  2.  Second,  the  validity  of  the 
linear  theory  in  the  RTM  is  discussed  in  section  3,  where 
the  linearity  of  the  longitudinal  phase  plane  is  studied  by 
means  of  a  numerical  simulation  program  of  the 
Eindhoven  RTM.  All  calculations,  which  are  presented  in 
this  paper,  start  just  before  the  first  cavity  traversal.  The 
beam  shape  in  the  longitudinal  phase  plane  just  before  the 
first  cavity  traversal  has  been  estimated  from 
measurements  and  simulations  of  the  RTM  injector  [2]. 
This  beam  shape  can  be  approximated  by  an  ellipse  with 
Twiss-parameters:  a=  0,  0.185  m,  y-  5.41  m'1,  and  £ 

=  210'6  m.  This  ellipse  is  used  as  input  for  the  first-order 
calculations  in  section  2  and  also  for  some  of  the 
numerical  calculations  in  section  3. 

2  FIRST-ORDER  CALCULATIONS 

The  effect  of  the  stable  phase  of  the  cavity,  <j>s,  on  the 
beam  shape  in  the  longitudinal  phase  plane  has  been 
studied  in  linear  approximation.  The  transfer  matrix,  M„, 
describing  the  transport  of  the  ri"  orbit  in  the  racetrack 
microtron  starting  just  before  the  cavity  is  given  by  the 
product  of  first-order  matrices: 

=  DK(ticav)  •  Fai  •  B,  „  •  F*  •  B2„  •  F„3  ■  DU2Lj„  • 

F«  '  ®2,n  '  '  ®i,n  '  ‘  D(4(i •  (2) 


The  transport  that  is  described  by  all  the  matrices  in  this 
equation  is  pointed  out  in  figure  1 .  The  matrices  D,  B,  F, 


Figure  1 :  The  transport  described  by  the  matrices  for 
the  linear  approximation. 
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Figure  2:  The  beam  shape  in  the  longitudinal  phase 
space  at  the  extraction  point  of  the  RTM  for  different 
values  of  0,. 

C  in  eq.(2)  describe  the  effect  of  a  drift  space,  a  sector 
bending  magnet,  a  non-normal  entrance/exit  of  a  magnet 
and  an  accelerating  cavity,  respectively.  The  subscripts  1 
and  2  in  Bl  n  and  B2n  refer  to  the  sectors  1  and  2  of  the 
main  bending  magnets,  respectively.  The  subscripts  av  a2 
and  a3  denote  the  entrance/exit  angles  for  the  edge 
focusing.  The  parameters  E  and  <ps  are  the  amplitude  and 
stable  phase  of  the  cavity  potential.  Lcm  is  the  length  of 
the  cavity,  L  the  distance  between  the  bending  magnets  at 
the  central  axis  of  the  cavity,  and  LT  is  the  extra  drift  that 
results  from  the  rotation  of  the  main  bending  magnet  over 
r.  The  subscript  n  indicates  that  the  concerning  matrix  is 
orbit  dependent.  The  matrix  that  describes  the  transport  of 
all  twelve  orbits,  denoted  by  M  is  given  by  the  product  of 
matrices  M12  through  M,. 

The  longitudinal  sub-matrix  of  M  together  with  the 
longitudinal  input  beam  have  been  used  to  calculate  the 
longitudinal  output  beam  of  the  RTM  for  different  values 
of  0s.  The  results  are  shown  in  figure  2.  From  this  figure  it 
appears  that  variations  in  <j)s  that  are  much  smaller  than 
the  stable  phase  area  of  about  18  degrees  have  a  large 
influence  on  the  beam  shape  in  the  longitudinal  phase 
space.  This  implies  that  it  is  possible  to  use  <j>s  to  influence 
the  longitudinal  beam  shape,  such  that  this  beam  shape 
matches  the  acceptance  of  the  following  electron-optical 


Figure  3:  Two  straight  lines  in  the  longitudinal  phase 
plane  AB  and  CD  are  injected  just  before  the  first 
cavity  traversal  (orbit  0).  The  stable  phase  of  the 
cavity  has  been  set  to  9  degrees.  These  lines  are  given 
after  each  full  orbit. 

system  better  that  it  might  have  done  with  the  nominal 
settings  for  E  and  <ps. 

3  VALIDITY  OF  THE  LINEAR  THEORY 

In  order  to  verify  the  validity  of  the  linear  theory,  two 
straight  line  segments  in  the  longitudinal  phase  plane, 
which  are  a  little  larger  than  the  main  axes  of  the  nominal 
longitudinal  input  beam  as  it  is  delivered  by  the  RTM 
injector,  have  been  used  as  input  for  numerical  tracking 
through  the  Eindhoven  RTM,  see  figure  3.  From  this 
figure  it  can  be  seen  that  the  longitudinal  sizes  of  the 
linac  beam  are  much  larger  than  the  linear  regime. 
Therefore,  the  longitudinal  input  beam  has  also  been 
calculated  through  the  Eindhoven  RTM  by  means  of  the 
numerical  simulation  program  for  different  values  of  0S, 
see  figure  4.  Of  course,  the  longitudinal  beam  shape  still 
depends  on  <j)s,  but  making  the  bunch  length  shorter  or  the 
energy  spread  smaller  by  means  of  0t  is  less  effective.  On 
the  other  hand,  if  the  RTM  will  be  used  for  the 
acceleration  of  short  bunches  [3],  another  pre-accelerator, 
which  will  already  produce  much  shorter  bunches,  will 
become  necessary.  In  that  case  the  linear  approximation 
may  become  valid  and  useful. 
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Figure  4:  The  longitudinal  beam  shape  of  the  RTM 

output  beam  for  different  values  of  <j>s. 

As  an  example  a  beam  with  the  nominal  longitudinal 
beam  shape  but  with  a  much  smaller  longitudinal 
emittance  of  e=lT0‘7n  m  has  been  tracked  through  the 
RTM  numerically,  with  0=9  degrees.  The  longitudinal 
output  beam  is  shown  in  figure  5.  This  longitudinal  beam 
shape  is  similar  to  the  beam  shape  shown  in  figure  2  for 
0=8.3  degrees.  Now,  say  that  it  is  tried  to  minimise  the 
energy-spread  of  the  beam.  Then  it  can  be  seen  form 
figure  2  that  this  is  achieved  for  0=8.7  degrees,  which  is 
0.4  degrees  above  the  8.3  degrees  representing  the 
situation  we  have  in  our  experiment  for  9.0  degrees.  So, 
adding  0.4  degrees  to  the  9.0  degrees  gives  the  output 
beam  which  is  also  shown  in  figure  5.  In  this  figure  the 
energy  spread  is  minimised  quite  well. 

4  CONCLUDING  REMARKS 

The  RTM’s  output-beam  shape  in  the  longitudinal  phase 
plane  is  very  sensitive  to  small  variations  of  the  stable 
phase  of  the  RTM’s  accelerating  cavity.  Therefore,  the 
choice  of  this  stable  phase  can  be  used  to  minimise  either 
the  bunch  length  or  the  energy  spread  of  the  output  beam. 
The  principle  has  been  studied  in  linear  approximation, 
but  it  has  been  shown  that  the  linear  approximation  is 
only  valid  for  longitudinal  beam  sizes  that  are  much 
smaller  than  the  longitudinal  beam  size  that  is  delivered 
by  the  current  injector.  The  non-linear  behaviour  of  the 
RTM  makes  this  minimisation  less  effective,  but  still 


Figure  5:  The  longitudinal  output  beam  shape  for  a 
beam  that  is  injected  with  a  small  longitudinal 
emittance  (es=l - 10'7  Jtm)  for  0=9.0  degrees  and  0S=9.4 
degrees. 


useful,  as  has  been  shown.  Furthermore,  if  short  bunches 
will  have  to  be  accelerated  with  the  RTM,  another 
injector  will  be  used  for  the  microtron.  This  injector  will 
most-probably  produce  beams  with  smaller  longitudinal 
emittances,  such  that  the  linear  approximation  might 
become  valid,  which  makes  the  minimisation  of  the 
bunch  length  of  the  energy  spread  more  effective. 

If  short  bunches  are  to  be  accelerated  in  the  RTM  other 
problems,  which  have  not  been  considered  in  this  paper  at 
all,  may  play  an  important  role.  For  instance  Coherent 
Synchrotron  Radiation,  which  is  important  if  short 
bunches  are  bent  by  a  magnetic  field,  may  destroy  the 
short  bunch  length  and  therefore  the  RTM  may  not  be 
useful  as  an  accelerator  for  ultra-short  bunches  at  all  [3]. 
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STRETCHED  BUNCH  SHAPES  IN  THE  NSLS  VUV  RING 

N.  Towne*,  National  Synchrotron  Light  Source 
Brookhaven  National  Laboratory,  Bldg.  725B,  Upton,  NY  1 1973-5000+ 


Abstract 

For  bunches  stretched  with  a  higher-harmonic  cavity,  lon¬ 
gitudinal  bunch  shapes  are  influenced  by  small  variations 
in  the  potential  wells  of  the  buckets  of  the  bunch  train. 
This  paper  discusses  three  things  that  perturb  the  bunch 
shapes  in  the  NSLS  VUV  ring:  the  —90°  (non-optimal) 
phase  of  the  harmonic  cavity  maintained  by  the  RF  con¬ 
trols  [1],  higher-order  modes  (HOM)  of  the  main  cavity, 
and  the  effect  of  unfilled  buckets  on  the  RF  fields  in  the 
accelerating  modes  of  the  two  cavities.  The  suppression  of 
the  lowest-lying  HOM  in  an  experiment  using  RF  feedback 
applied  to  two  HOM  damping-probe  ports  is  described  and 
results  of  calculations  of  the  effect  of  unfilled  buckets  are 
given.  Measured  bunch  shapes  are  shown  and  discussed. 

1  INTRODUCTION 

Operation  of  an  RF  system  with  a  higher-harmonic  cavity 
(HHC)  provides  two  benefits.  The  addition  of  synchrotron- 
frequency  spread  provides  Landau  damping  of  coupled- 
bunch  modes  [2]  and  bunch  lengthening  increases  the 
Touschek-scattering  lifetime.  Both  are  important  in  the 
NSLS  VUV  ring  where  a  near-^4  potential  is  used.  A  con¬ 
sequence  of  the  use  of  this  potential  is  that  bunch  shapes 
are  sensitive  to  perturbations  of  the  potential  well  on  the 
order  the  intrinsic  energy  spread  of  the  ring.  A  number  of 
such  perturbations  are  present  in  the  VUV  ring.  First,  near 
the  optimum  voltage  of  the  HHC,  the  bunch  shape  is  es¬ 
pecially  sensitive  to  the  HHC  phase.  Second,  higher-order 
modes  affect  the  potential  wells  of  the  different  buckets  dif¬ 
ferently.  Third,  the  use  of  empty  buckets  for  the  control  of 
ion  trapping  again  provides  asymmetric  distortion  of  the 
potential  wells.  All  of  these  effects  can  be  seen  in  the  VUV 
bunch  shapes  (figure  1)  and  it  is  the  purpose  of  this  paper 
to  describe  these  influences.  Although  the  first  two  effects 
have  been  reported  previously  [1],  additional  information 
is  provided  here.  The  third  effect  is  assessed  for  the  VUV 
ring  for  the  first  time  and  occupies  the  majority  of  this  pa¬ 
per.  Bunch  lengthening  through  the  broad-band  impedance 
is  a  substantial  effect,  although  it  is  not  discussed  here. 

Machine  parameters  are  given  in  table  1. 

2  HARMONIC-CAVITY  PHASE 

Stretching  the  bunches  is,  in  part,  an  exercise  in  the  control 
of  the  voltages  and  phases  of  the  main  and  harmonic  cav¬ 
ities.  The  ideal  condition  for  bunch  stretching  [3]  has,  in 
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Figure  1 :  Longitudinal  bunch  shapes  for  a  620-mA  seven- 
of-nine  bucket  fill  in  the  NSLS  VUV  ring.  The  first  bunch 
is  at  the  bottom. 

Table  1 :  Values  of  VUV  ring,  cavity  parameters  and  sym¬ 
bols  used  in  the  text. 


Revolution  frequency 

U>o/27T 

5.8763  MHz 

Energy  spread 

a£ 

5  x  10"4 

Momentum  compaction 

a 

0.0245 

Cavity  voltages 

Vi/V2 

80/20  kV 

Cavity  harmonics 

hi/h2 

9/36 

Cavity  loss  factors 

ki/k2 

10/20  Gft/s 

the  VUV  ring,  cavity  phase  of  —94°  and  voltage  ratio  near 
hi/h,2,  where  hi  and  h2  are  the  harmonic  numbers  of  the 
two  cavities.  Some  HHC  power  is  provided  by  the  beam. 
The  RF  controls  for  the  HHC  do  not  attempt  to  meet  this 
condition  but  instead  maintain  a  relative  phase  of  —90°  [1], 
The  bunch  shapes,  in  spite  of  this,  are  nearly  optimal  (fig¬ 
ure  2)  because  a  shift  of  the  cavity  phase  much  smaller  than 
the  four  degrees  is  required  to  meet  this  condition — a  con¬ 
sequence  of  the  near -</>4  potential.  Reference  [4]  explains 
this  more  fully. 

3  HIGHER-ORDER  MODES 

Higher-order  mode  (HOM)  losses  in  the  cavities  of  the 
VUV  ring  are  not,  in  most  cases,  known  with  any  accu¬ 
racy.  The  oscillation  of  bunch  shapes  visible  in  figure  1 
voltages  at  non-RF  revolution  harmonics  are  at  work.  In 
only  the  case  of  the  lowest  monopole  HOM  of  the  main 
cavity  at  270  MHz  is  the  Q  known  and  the  influence  as¬ 
sessable.  This  mode  has  center  frequency  only  a  few  hun¬ 
dred  kilohertz  above  the  46th  revolution  harmonic,  which  is 
once  removed  from  a  bucket  harmonic,  and  significant  volt¬ 
age  is  generated.  In  an  experiment  RF  feedback  centered 
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Figure  2:  Measured  bunch  shape  in  the  VUV  ring  for  a 
symmetric  nine-bunch  fill  (left)  and  calculated  assuming 
ideal  stretching  but  with  the  HHC  phase  set  so  that  the 
net  power  transfer  between  the  HHC  and  the  beam  is  zero 
(—90°  condition,  right). 


on  the  270  MHz  mode  was  applied  to  the  cavity  through 
two  damping  probes  fitted  with  high-pass  filters  to  reject 
the  pickup  from  the  powered  accelerating  mode.  Feedback 
gain  sufficient  to  reduce  the  strength  of  the  mode  by  a  fac¬ 
tor  of  two  at  the  revolution  harmonic  was  applied  and  the 
result,  in  figure  3,  verifies  that  there  is  some  voltage  in  this 
HOM  affecting  the  bunch  shapes.  Remaining  oscillation  of 
the  bunch  shapes  shows  that  there  is  a  voltage  in  the  ring  at 
least  one  other  revolution  harmonic. 


Time  ( ns ) 

Figure  3:  Bunch  shapes  for  a  570-mA  seven-bunch  fill  with 
7.2  dB  of  gain  applied  to  the  270-MHz  mode  of  the  main 
cavity.  There  is  5.3  dB  gain  at  the  46th  revolution  harmonic 
a  few  hundred  kilohertz  below  the  resonance  (the  revolu¬ 
tion  harmonic  is  displaced  one  from  a  bucket  harmonic). 

This  result,  that  the  270  MHz  mode  is  responsible  for 
only  part  of  the  distortion  of  the  buckets,  and  the  result  that 
suppressing  the  impedance  of  the  mode  had  little  effect  on 
the  coupled-bunch  modes,  dictated  the  conclusion  that  the 
mode  suppression  is  of  little  utility  in  the  VUV  ring. 

4  THE  BUNCH  TRAIN  [5] 

Empty  buckets  break  the  periodicity,  at  the  RF  frequency, 
of  the  beam  current.  As  a  result  the  voltage  in  the  ring  in¬ 
duced  by  the  beam  current  has  Fourier  components  at  rev¬ 
olution  harmonics  other  than  harmonics  of  the  bucket  fre¬ 


quency.  This  has  the  effect  of  introducing  non-uniformity, 
perhaps  very  small,  of  the  bucket  potentials.  Ordinarily 
this  non-uniformity  is  not  of  concern  but,  when  one  consid¬ 
ers  stretched  bunches  of  electrons  in  a  storage  ring  where 
the  RF  potential  may  approximate  a  04  potential,  small 
changes  become  significant.  In  the  NSLS  VUV  ring  the 
effect  of  this  potential-well  distortion  is  significant.  It  is 
the  task  of  this  section  to  give  a  calculation  of  the  shifts  of 
the  bunch  shapes,  apply  the  calculation  to  the  VUV  ring, 
and  compare  the  results  with  measurements. 

To  begin,  consider  a  ring  of  b  buckets  with  beam  current 
Zb  due  to  an  asymmetric  fill  of  n  empty  buckets  and  b  - 
n  bunches  in  a  train.  Imagine  that  the  beam  current  R  is 
the  sum  of  a  part  where  all  buckets  are  filled  R  and  a  part 
SR  where  empty  buckets  are  filled  with  charge  opposite 
the  others.  Furthermore,  assume  that  the  current  R  due 
to  the  fictitious  charge  in  the  n  empty  buckets  is  lumped 
into  the  center  of  the  train  of  empty  buckets  and  that  its 
Fourier  component  at  the  RF  frequency  ujrf  =  hu o  (h  is 
the  harmonic  number  of  the  cavity  and  ujo  is  the  revolution 
frequency)  is  canceled  by  another  voltage: 

OO 

Sib  =  eN  ^  S(t  —  pT0)  —  K,cos(hu0t),  (1) 

p=— OO 

where  k  =  2Iav/(b/n  —  1),  eN  =  kTq/2,  Iav  is  the  av¬ 
erage  beam  current,  and  T0  is  the  revolution  period.  It  is 
assumed  that  a  nominal  potential  well  is  generated  by  the 
RF  cavities  driven  by  a  combination  of  generator  current 
and  beam  current  so  that  the  voltage  in  the  cavities  gen¬ 
erated  by  R  is  (conceptually)  absorbed  into  the  voltage  in 
the  cavities  for  ideal  bunch  stretching.  Sib  is  regarded  as  a 
perturbation  without  a  Fourier  component  at  huo- 

One  then  models  the  cavity  as  a  resonator  with  resonant 
frequency  ur,  detuning  A  =  ur  —  huja  from  the  cavity’s 
harmonic  h  of  uo,  quality  factor  Q,  and  impedance  R.  The 
voltage  V$ih  induced  by  SR  has  two  terms  corresponding 
to  the  terms  on  the  right-hand  side  of  equation  1, 


v5h  =  Vi  +  V2.  (2) 

The  result  of  Kramer  and  Wang  [6]  gives 

Vi  =  eNke~iQr /(e~inT°  -  1)  +  c.c.,  (3) 


where  k  is  the  loss  factor  (the  product  of  the  damping  rate 
r  =  bJr/2Q  and  the  impedance  R)  of  the  cavity,  H  =  ur  — 
*r,  and  t  =  t  mod  T0.  The  term  V2  is  the  negative  of  the 
wake  potential  —  W (t)  =  —2k  cos(cjrt)e~rt  for  the  cavity 
convolved  with  the  second  term  of  equation  1 


V2(t)  ~  - 


ki t  e  huot 
~2  -i(A  -  tT) 


-I-  c.c. 


(4) 


Summing  V\  and  V2, 


VSh 


eNe~inr 

— *( a  -  ;r)r0 


Ke-ihu>0t  \ 

-2i(A  -  iT) )  +  C'C 


—ihwnt 

2 


e-i(A-ir)r  _  i 

— *(  A  -  if) 


+  c.c. 


nk  cos(hu)ot)r. 


(5) 
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Note  that  this  is  a  small  quantity,  it  has  a  Fourier  com¬ 
ponent  at  the  RF  frequency  due  to  the  approximations 
made,  and  it  adds  a  locally  constant  voltage  to  each  bucket. 
We  add  a  term  at  the  RF  frequency  hu> o,  borrowed  from 
the  prescribed  RF  voltage,  to  remove  this  locally  con¬ 
stant  voltage  so  V$ib  meets  the  periodic  boundary  condi¬ 
tion  eNk  =  VSib  (0+  +  pTo)  =  -Vsib  (0_  +pT0),  where 
p=  ... ,  —1, 0, 1,  —  This  gives 

Vsib  ~  Kkcos(huj0T)(T  -  To/ 2).  (6) 


-2  0  2  4  6  8  10 


Time  (T_0/b) 

Figure  4:  Equation  6  for  h  =  9  and  time  in  units  of  the  RF 
period. 

The  solution  is  illustrated  in  figure  4.  Bunches  are  lo¬ 
cated  at  the  either  the  minima  or  maxima  on  the  first  half 
of  the  train  and  on  the  maxima  or  minima,  respectively,  on 
the  second  half.  The  RF  voltage  at  a  bucket  are,  to  first 
order  in  phase,  shifted  by  Vsib  evaluated  at  the  time  of  the 
bucket.  To  remind  the  reader,  a  shift  of  the  RF  voltage 
upward  makes  the  synchronous  phase  later  while  a  shift 
downward  has  the  opposite  effect.  The  first  leading  and 
the  first  lagging  bucket  with  respect  to  the  kick  receive  the 
largest  shifts  and  of  opposite  signs  with  respect  to  each 
other.  The  signs  of  the  shifts  depend  on  the  number  of 
empty  buckets.  To  see  this  consider  the  phase  of  Vgib  for 
the  first  bunch  after  the  kick. 


By  inspection  one  can  see  that  the  cases  where  the  shift  for 
this  bunch,  proportional  to  —  cos  tp,  is  positive  and  negative 
are: 

•  negative  when  n  is  odd  or  h  is  an  even  multiple  of  b 
and 

•  positive  when  n  is  even  and  h  is  an  odd  multiple  of 
the  b. 

To  illustrate  with  the  VUV  ring,  there  are  nine  RF  buck¬ 
ets  and,  in  normal  operation,  there  are  two  empty  buckets 
(n  =  2  and  b  =  9).  The  main  cavity  has  h  —  9  determining 
the  bucket  frequency  and  the  harmonic  cavity  has  h  =  36 
(table  1).  The  shift  in  the  total  RF  voltage  at  the  phase  of 
the  first  bunch  following  the  kick  due  to  the  main  cavity  is 
positive  while  the  shift  due  to  the  harmonic  cavity  is  oppo¬ 
site  the  shift  of  the  main  cavity.  Since  the  loss  factor  of  the 
harmonic  cavity  is  larger  than  that  of  the  main  cavity,  the 


effect  of  the  harmonic  cavity  prevails  and  the  net  shift  of 
the  RF  voltage  at  the  first  bunch  after  the  kick  is  negative 
(figure  5).  When  comparing  this  conclusion  with  the  first 
bunch  in  figure  1  we  see  that  it  is  shifted  slightly  later  in 
time  suggesting  that  the  potential  for  that  bunch  is  locally 
high  instead  of  low.  Based  on  this  observation  we  conclude 
that  the  actual  perturbation  of  the  RF  voltage  at  that  bunch 
is  dominated  by  a  higher-order  mode(s)  pushing  the  voltage 
upward. 


0  2  4  6  8  10 

Time  (ns) 


Figure  5:  Calculated  bunch  shapes  for  the  leading  (left) 
and  trailing  (right)  bunches  of  a  seven-bunch  train  and  two 
empty  buckets  in  the  VUV  ring  given  the  ideal  RF  voltages 
for  stretching. 


5  CONCLUSION 

Bunch  shapes  in  the  NSLS  VUV  ring  are  influenced  uni¬ 
formly  by  the  harmonic  cavity  phase,  asymmetrically  by 
the  HOMs  not  near  bucket  harmonics,  and  the  presence 
of,  in  normal  operation,  a  gap  in  the  fill.  The  unusually 
asymmetric  shape  of  the  first  bunch  (figure  1)  is  a  result  of 
the  combination  of  the  voltages  from  the  HOMs  and  HHC 
phase;  the  affect  of  the  empty  buckets  is  a  moderating  but 
minor  influence.  Near  ideal  bunch  shapes  are  obtained  for 
the  other  bunches. 
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S.  Khan  * ,  BESSY,  Berlin,  Germany 


Abstract 

This  paper  presents  beam  lifetime  measurements  at  the 
BESSY  II  storage  ring  and  their  interpretation. 

1  INTRODUCTION 

The  beam  lifetime  is  one  of  the  key  parameters  of  a  high- 
brilliance  synchrotron  radiation  source  [1]  [2].  Commis¬ 
sioning  of  the  BESSY  II  storage  ring  in  Berlin-Adlershof 
started  in  April  1998  [3].  At  the  time  of  writing  (February 
1999),  the  vacuum  vessel  was  baked  out  in  3  of  8  sections 
at  120°C.  During  the  commisioning  period,  major  parts  of 
the  chamber  had  to  be  vented  several  times  in  order  to  in¬ 
stall  new  components,  and  the  vacuum  is  still  in  a  transitory 
state.  It  is  nevertheless  desirable  to  understand  the  factors 
that  will  ultimately  limit  the  beam  lifetime  once  the  vac¬ 
uum  has  improved. 

Presently,  the  beam  lifetime  is  clearly  dominated  by 
residual  gas  scattering.  Elastic  (Coulomb)  scattering  on  the 
gas  nuclei  excites  betatron  oscillations  that  may  exceed  the 
aperture,  while  inelastic  scattering  (Bremsstrahlung)  on  nu¬ 
clei  and  electrons  leads  to  momentum  loss.  Off-momentum 
electrons  can  exceed  the  momentum  acceptance  given  by 
the  rf  bucket,  or  may  hit  the  aperture  when  displaced  by 
dispersion.  In  addition,  a  betatron  oscillation  is  excited  if 
the  momentum  change  happens  in  a  dispersive  region. 

*  This  work  is  funded  by  the  Bundesministerium  fur  Bildung,  Wis- 
senschaft,  Forschung  und  Technologie  and  by  the  Land  Berlin. 
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Table  1 :  Symbols  used  in  this  text  and  their  actual  or  typi¬ 
cal  values.  The  residual  gas  density  n  is  related  to  the  gas 
pressure  by  n  [m-3]  =  2.45  •  1022  •  p  [hPa]. 


a 

vertical  half  aperture 

8  mm 

Pa 

beta  function  at  aperture 

5  m 

P 

average  beta  function 

12  m 

c 

velocity  of  light 

3  •  108  m/s 

A p/p 

momentum  acceptance 

0.03 

7 

Lorentz  factor 

3327 

I 

beam  current 

1-100  mA 

n 

residual  gas  density 

(s.  caption) 

N 

particles  per  bunch 

109-1010 

re 

classical  electron  radius 

2.8  •  10~15  m 

rms  horizontal  beam  size 

100-300  pm 

CTy 

rms  vertical  beam  size 

10-50  pm 

Oz 

rms  bunch  length 

5-10  mm 

CTx' 

rms  hor.angular  spread 

20-60  prad 

z 

residual  gas  atomic  number 

1 

Once  the  vacuum  has  further  improved  by  beam  clean¬ 
ing  and  bake-out,  the  Touschek  effect  will  gain  impor¬ 
tance:  when  two  electrons  within  a  bunch  collide,  one  ac¬ 
quires  and  the  other  looses  momentum  with  the  same  con¬ 
sequences  as  described  above. 

The  aim  of  this  work  was  to  obtain  a  consistent  picture 
of  the  observed  beam  lifetime  under  variation  of  several 
parameters.  As  it  turns  out,  the  inclusion  of  other  effects 
(quantum  lifetime,  ion-related  beam  loss,  etc.)  is  not  re¬ 
quired  to  interpret  the  data  presented  below. 

2  THEORY 

In  this  section,  the  relations  used  in  the  analysis  are  re¬ 
viewed.  A  list  of  symbols  is  given  in  table  1 . 

The  beam  lifetime  r  is  defined  by  the  current  decay  rate 
1/r  =  —I/I,  which  is  the  sum  of  the  Touschek  (T)  rate 
and  the  gas  scattering  (G)  rate 

~Z  —  “~+CJl  (°elast  4“  ^inel  "b  ^elast  "b  O’inel)  • 

/  » T  •  G  'T 

(i) 

The  Touschek  decay  rate  can  be  written  as  (e.g.  [4]) 

J_  _  Yr2c  ( {Ap/pfal,  \ 

tt  8iraxay<jz  72  (Ap/p)3  '  ^  72  )  ’  W 

where  D  »  0.3  is  a  slowly  varying  function  that  is  evalu¬ 
ated  numerically.  Relativistic  effects  and  beam  polarization 
modify  the  Touschek  rate  on  the  level  of  10-20%  [5]. 

The  total  cross  sections  for  elastic  and  inelastic  scatter¬ 
ing  on  residual  gas  nuclei  (N)  and  electrons  (e)  are  [4] 


N 

°elast 

^inel 

_e 

°elast 

°fnel 


2tt r2Z2  flg„ 

72  a2 

4 r2eZ2  4  /  183  \  (,  1 

137  3  Yn  ZM 3  )  V  n  A p/p 


27rr2Z  1 
7  A  p/p 

4r2Z4  /  2.57 

137  3  r  A  p/p 


(3) 

(4) 


The  distinctly  different  dependence  of  Touschek  scat¬ 
tering  and  inelastic  gas  scattering  on  the  momentum  ac¬ 
ceptance  A p/p  (equations  2  and  4)  can  be  used  to  distin¬ 
guish  the  two  effects  by  changing  the  rf  voltage  (which  also 
changes  the  bunch  length).  Coulomb  scattering  is  identified 
by  variation  of  the  physical  aperture  using  scrapers. 
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3  MEASUREMENTS  AND  RESULTS 

The  data  shown  below  were  taken  in  February  1999.  The 
beam  lifetime  was  deduced  from  the  beam  current  mea¬ 
sured  by  a  current  transformer.  Low  currents  (~  1  mA) 
were  measured  by  monitoring  synchrotron  light  with  a  pho¬ 
todiode  [6]. 

3.1  Beam  Lifetime  versus  Current 

The  gas  scattering  rate  increases  with  beam  current  due  to 
synchrotron  radiation  desorption.  However,  given  a  finite 
pumping  rate,  the  correlation  is  not  necessarily  linear  and 
depends  on  the  vacuum  history. 

The  linear  dependence  of  the  Touschek  rate  on  the  num¬ 
ber  of  particles  per  bunch  (equation  2)  is  modified  by  tur¬ 
bulent  bunch  lengthening  and  transverse  emittance  growth 
due  to  intrabeam  scattering  or  instabilities. 

In  view  of  these  uncertainties,  the  dependence  of  the  life¬ 
time  on  the  beam  current  was  not  analysed.  Instead,  the 
lifetime  was  measured  as  function  of  rf  voltage  and  aper¬ 
ture  within  short  time  intervals  at  nearly  constant  current, 
and  the  experiments  were  restricted  to  <  100  mA. 

3.2  Beam  Lifetime  versus  Rf  Voltage 

Under  the  assumption  that  the  momentum  acceptance  upto 
A p/p  —  0.03  is  determined  by  the  rf  bucket  and  not  by 
aperture  restrictions  (which  was  a  design  constraint  for  the 
vacuum  chamber  [5]),  the  curves  in  figure  1  show  the  life¬ 
time  as  function  of  A p/p  in  the  limits  of  gas  scattering  and 
Touschek  scattering  (solid  lines),  and  different  combina¬ 
tions  thereof  (dashed  lines). 

The  graphs  show  the  lifetime  normalized  to  t0,  the  life¬ 
time  at  A p/p  =  0.03,  and  do  not  depend  on  the  actual  gas 
pressure.  Some  uncertainty  remains:  (1)  The  ratio  between 
elastic  and  inelastic  gas  scattering  depends  on  /3,  the  av¬ 
erage  beta  function  weighted  with  the  local  gas  pressure. 
Theoretical  pressure  profiles  suggest  values  of  j3  =  10- 
14  m,  depending  on  the  beam  current.  (2)  The  choice  of  Z 
determines  the  ratio  between  scattering  on  gas  nuclei  and 
electrons  (the  latter  being  of  minor  importance). 

The  measured  data  shown  in  figure  1  for  beam  currents 
between  1  mA  and  100  mA  are  consistent  with  the  theoret¬ 
ical  expectation.  Figure  2  presents  the  gas  scattering  and 
Touschek  decay  rates  deduced  from  a  fit  to  the  data.  In  the 
limit  of  zero  current,  the  gas  scattering  rate  approaches  a 
finite  value,  while  the  Touschek  rate  vanishes  as  expected. 
At  80  mA,  the  increase  of  the  Touschek  rate  is  apparently 
halted  by  instabilities.  The  respective  lifetime  contribu¬ 
tions  are  listed  in  table  2  for  10  mA  and  100  mA. 

As  another  confirmation  of  the  Touschek  effect,  the  bot¬ 
tom  part  of  figure  1  shows  data  for  22  mA  in  60  bunches 
(FWHM  of  the  bunch  train)  and  in  15  bunches.  The  in¬ 
creased  bunch  current  is  indeed  reflected  by  a  stronger  Tou¬ 
schek  contribution. 


Figure  1:  Beam  lifetime  (normalized  to  the  value  r0  at 
A p/p  =  0.03)  as  function  of  the  momentum  acceptance. 


Figure  2:  Fitted  decay  rates  versus  beam  current. 


3.3  Beam  Lifetime  versus  Aperture 

Moving  vertical  scrapers  towards  the  beam  increases  the 
losses  from  Coulomb  scattering  (equation  3).  With  hori¬ 
zontal  oscillations  coupling  into  the  vertical  plane  and  the 
presence  of  vertical  dispersion,  a  vertical  scraper  <  1  mm 
from  beam  center  would  also  limit  the  momentum  accep¬ 
tance,  but  the  decay  rate  from  this  process  is  negligible. 
The  quantum  lifetime,  important  below  7-8  a  (<  0.1  mm), 
can  be  ignored  as  well. 

If  dominated  by  Coulomb  scattering,  the  lifetime  would 
depend  quadratically  on  the  scraper  position.  This  is  shown 
in  figure  3  (dashed  line)  together  with  measured  data  and 
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fits  (solid  lines)  assuming  scraper-independent  contribu¬ 
tions  from  Bremsstrahlung  and  Touschek  scattering.  The  fit 
parameters  were  the  central  position  of  the  beam,  the  aper¬ 
ture  a,  and  the  Touschek  rate,  while  the  Bremsstrahlung 
rate  was  kept  constant.  Figure  3  (top)  shows  measurements 
at  10  mA  and  100  mA.  The  fact  that  the  fit  describes  the 
10  mA  data  well  confirms  the  theoretical  Bremsstrahlung 
rate.  At  larger  currents,  the  inclusion  of  a  small  Tou¬ 
schek  contribution,  increasing  with  current,  clearly  im¬ 
proves  the  fit.  As  a  further  confirmation,  the  Touschek  rate 
was  boosted  by  reducing  the  rf  voltage.  Figure  3  (bottom) 
shows  a  fit  to  these  data,  which  agrees  well  with  the  expec¬ 
tation.  The  small  deviation  at  3-4  mm  is  not  yet  understood. 

The  undulator  chambers  with  8  mm  half-height  are  pre¬ 
sumed  to  be  the  limiting  apertures,  whereas  the  fits  yield 
a  =6.2-6.4  mm  at  the  undulator  entrance.  A  better  agree¬ 
ment  cannot  be  expected  since  equation  3  is  based  on 
purely  linear  beam  optics.  Furthermore,  the  beam  may  be 
not  exactly  on  the  chamber  axis,  the  dynamic  aperture  may 
be  smaller  than  the  physical  aperture,  and  the  beam  cross 
section  may  be  tilted  due  to  coupling. 

4  CONCLUSIONS  AND  OUTLOOK 

The  BESSY  II  beam  lifetime  is  consistent  with  the  assump¬ 
tion  of  residual  gas  scattering  and  Touschek  scattering  as 
limiting  effects.  At  the  time  of  the  experiment,  the  life¬ 
time  was  10  h  at  low  current,  corresponding  to  an  average 
N2-equivalent  pressure  of  4  - 10-9  hPa.  A  further  improve¬ 
ment  of  the  vacuum  by  an  order  of  magnitude  can  be  ex¬ 
pected,  and  the  lifetime  will  be  ultimately  limited  by  Tou¬ 
schek  scattering.  The  Touschek  lifetime  was  found  to  be 
20  h  at  100  mA  in  60  bunches.  The  measured  horizontal- 
vertical  coupling  was  1.9%.  For  this  case,  calculations  us¬ 
ing  the  code  ZAP  [7]  suggest  a  bunch  length  of  8  mm  and 
a  Touschek  lifetime  of  15  h. 

Larger  beam  currents,  improvement  of  the  coupling  to 
well  below  1%,  and  the  operation  of  feedback  systems 
against  longitudinal  and  transverse  multibunch  instabili¬ 
ties  [8]  will  certainly  increase  the  Touschek  rate.  On  the 
other  hand,  the  bunch  current  can  be  reduced  by  filling 
more  buckets  (~  300).  Furthermore,  the  design  of  passive 
third-harmonic  rf  cavities  to  increase  the  bunch  length  is  in 
progress. 


Table  2:  Contribution  of  different  lifetime  limiting  effects. 


10  mA 

100  mA 

elastic  scattering  on  nuclei 

18  h 

6.8  h 

inelastic  scattering  on  nuclei 

19  h 

7.2  h 

elastic  scattering  on  electrons 

llOOh 

420  h 

inelastic  scattering  on  electrons 

53  h 

20  h 

Touschek  effect 

190  h 

20  h 

combined  lifetime 

7.4  h 

2.6  h 

vertical  scraper  position  /  mm 


Figure  3:  Beam  lifetime  (normalized  to  the  retracted 
scraper  value  To)  versus  vertical  scraper  position. 
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Abstract 

Aiming  at  increasing  the  apparent  bunchlength  and  hence 
the  beam  life  time  in  electrons  storage  rings,  RF  phase 
modulation  near  one  parametric  resonance  has  been  exper¬ 
imentally  investigated.  Since  the  eventual  benefit  of  this 
technique  depends  greatly  on  the  ring  parameters,  we  stud¬ 
ied  the  effect  of  such  a  modulation  for  different  RF  param¬ 
eters  on  the  longitudinal  emittance.  Theoritical  predictions 
and  results  of  simulations  are  compared  and  discussed.  It 
is  shown  that  synchrotron  radiation  tends  to  spoil  the  para¬ 
metric  resonance.  In  particular,  a  criterion  for  islands  sur¬ 
vival  has  been  found. 

I  INTRODUCTION 

In  order  to  reach  very  high  brilliance,  Synchrotron  Radia¬ 
tion  Light  Sources  demand  intense  bunches  with  very  small 
transverse  and  longitudinal  emittances.  However  the  high 
density  of  electrons  increases  the  Touschek  effect  and  thus 
reduces  the  beam  lifetime.  In  order  to  reduce  the  elec¬ 
tron  density,  different  approaches  have  been  considered:  a 
higher  harmonic  cavity  operating  in  the  bunch  lengthening 
mode  or  a  RF  phase  modulation  which  increases  the  appar¬ 
ent  bunchlength  but  also  the  energy  spread  of  the  beam. 
This  paper  focus  on  the  second  method  near  the  third- 
integer  resonance,  because  the  integer  resonance  is  not  an 
appropriate  solution:  well  developed  in  [1],  it  is  briefly  il¬ 
lustrated  here  with  the  example  of  SOLEIL  storage  ring 
with  the  main  ring  parameters  (see  Table  1).  Main  simula¬ 
tion  results  proove  that  the  integer  resonance  is  too  strong 
(see  figure  1 )  and  leads  to  distinct  bunchlets  in  phase  space 
and  induces  a  dipole  oscillation  of  the  whole  bunch  as  far 
as  the  amplitude  of  the  modulation  is  important,  whatever 
the  regime  of  the  modulation  frequency  is.  In  order  to  have 
an  appropriate  phase  space  occupied  by  the  beam,  the  third- 
integer  resonance  parameters,  frequency  uim  and  amplitude 
Am ,  must  be  first  properly  chosen.  The  method  of  the  opti¬ 
mization  parameters  is  discussed  in  details  with  some  the¬ 
ory  and  numerical  results.  Then  the  synchrotron  radiation 
effect,  is  studied  in  opposition  with  the  parametric  reso¬ 
nance  effect  with  help  of  a  Fokker-Planck  treatment,  which 
leads  to  the  islands  formation  criterion.  Also,  further  ex¬ 
amples  are  given  to  illustrate  this  criterion. 

2  THIRD-INTEGER  RESONANCE 

2.1  Fixed  Points  and  Islands  Width 

The  complete  perturbated  Hamiltonian  in  [<j>,8)  variables 
is,  with  <j>  the  phase  and  8  the  energy  deviation  of  a  particle. 


Figure  1:  Particles  in  normalized  phase  space  ( <j>,8 )  with 
modulation  at  the  integer  resonance  in  the  regime  just  be¬ 
fore  the  vanishing  of  the  centered  bunchlet. 


<j)s  the  synchronous  angle  (in  convention  <f>s  =  n  —  (ps)  and 
u,  the  synchrotron  frequency: 

8)  =  82  +  w,  tan  <ps  (sin  <f>  cos(Am  sino;mf) 

+  cos  <j>  sin(Am  sin  wmt))  —  u>s  cos  (j>  cos(Am  sin  uimt ) 
+ws  sin  cf)sm(Am  sin  umt)  —  ws<f>  tan^5  (1) 


Using  action-angle  variables  ( J,  t/>)  in  a  rotating  frame: 

8  =  — VsTJ  cos(^>  +  bjmtj  3),  <j>  =  —  \/2 J  sin  (ip  + 
ujmt/ 3),  expanding  into  Bessel  functions  and  assuming  to 
be  close  to  the  third-integer  resonance,  the  Hamiltonian  has 
the  much  simple  form  [1]: 


uis  Am(2J)  ■ 
48 


cos  3  ip 
(2) 


In  the  new  phase  space  (J,  ip),  the  stationary  trajectories 
correspond  to  the  H-constant  contours.  For  appropriate 
modulation  parameters,  the  3  islands  of  the  third-integer 
parametric  resonance  can  be  well-shaped.  The  coordi¬ 
nates  of  the  stable  fixed  points  (SFP:  =  0,  4p) 

(J!*:  =  e*  =0)are: 

v  di>  dj  ’ 

<Po  =  0,  +  Rfp],  =^[1  +  Rfp] 

8a  =  ^“-[1  +  Rfp],  +  Rfp],  ~ t“-[l  +  Rfp] 

(3) 


with  the  factor  RFP  =  yj\  +  •  (1  - 

where  am  is  the  normalized  modulation  amplitude  (Am  is 
in  units  of  rms  bunchlength),  Qs  is  the  synchrotron  tune, 
<7e  is  the  natural  energy  spread,  a  is  the  momentum  com¬ 
paction  and  h  is  the  harmonic  number.  The  fixed  points 
position  depends  on  the  ring  and  the  RF  modulation  pa¬ 
rameters.  In  order  to  depopulate  the  bunch  center  as  much 
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as  possible,  islands  have  to  be  placed  close  to  the  bunch 
core  and  to  be  large  enough.  However,  eq.  3  shows  that  the 
SFPs  can  never  reach  the  origin,  even  for  a  vanishing  dis¬ 
tance  to  the  resonance  (uim  —  3ws)  and  are  bounded  by  a 
lower  limit. 

The  island  width  calculation  completes  the  islands  struc¬ 
ture.  The  island  width  is  given  by  the  distance  between 
the  separatrice,  i.e  the  curve  which  joins  the  unstable  fixed 
points,  and  the  SFPs,  where  the  hamiltonian  is  maximum 
[2].  The  normalized  island  width  (in  a  units)  and  expressed 
with  storage  ring  parameters  (eq.  4)  is  given  by: 


(4) 


This  equation  reveals  that  the  more  uim  tends  to  3  u>s,  the 
more  the  island  width  is  reduced  (A  Sa  «  U-f^)1/4)- 
There  is  then  a  trade-off  between  island  position  (um  very 
close  to  3wa)  and  the  island  width  (wm  not  too  close  to 
3w4). 


2.2  RF  phase  modulation  optimization 

Different  Synchrotron  Light  Sources  were  studied  [3].  Ta¬ 
ble  1  resumes  the  relevant  parameters  for  Soleil,  Bessy  I 
and  SuperAco. 


Table  1 :  Synchrotron  Light  Sources  main  RF  parameters 


Soleil 

Bessy  I 

SuperAco 

Frf  (MHz) 

352.2 

499.2 

100.0 

h 

396 

104 

24 

a 

4.77  1(T4 

1.5  10-2 

1.48  10~2 

Trad  (ms) 

4.33 

10.0 

8.5 

<Te 

9.24  10~4 

5.0  10“4 

5.5  lO"4 

Results  of  optimization  are  given  in  table  2.  Both  pa¬ 
rameters,  amplitude  and  frequency  of  RF  phase  modula¬ 
tion,  have  to  be  first  optimized  in  such  a  way  that  the  SFPs 
are  close  to  the  bunch  core,  while  keeping  a  sufficient  is¬ 
land  width  and  the  stationary  trajectories  in  phase  space 
are  shown  in  fig.2  for  one  of  the  example.  It  is  worth  not¬ 
ing  that  am  must  be  not  too  large  (1  or  2  maximum)  for 
preventing  any  coherent  movement  of  the  whole  bunch. 


Table  2:  Final  optimization  of  the  RF  phase  modulation 
parameters  and  islands  characteristics 


Soleil 

Bessy  I 

SuperAco 

/ws 

2.9995 

2.9850 

2.9950 

Am  (degrees) 

1.48 

5.68 

3.24 

Island  width  (cr) 

2.29 

2.71 

2.77 

When  the  bunch  length  is  small  (ex.  Soleil),  compared 
to  the  RF  wave  length,  the  modulation  frequency  has  to  be 
moved  very  close  to  3  in  order  to  draw  the  SFPs  to  the 


Figure  2:  Soleil:  separatrices  in  normalized  phase  space 

<5(7  )■ 


origin.  The  islands  width,  table  2,  gives  the  maximum  ex¬ 
tension  trajectory  inside  one  island.  For  the  three  machines, 
particles,  located  at  1  a,  will  be  drawn  out  up  to  nearly  3  a. 

3  SYNCHROTRON  RADIATION  EFFECT 

In  this  section,  examples  are  given  with  a  multi-particle 
tracking  code  [4]  which  simulates  the  movement  of  the 
particles  of  a  bunch  faced  with  RF  phase  modulation,  syn¬ 
chrotron  radiation  and  quantum  excitation.  The  simulation 
is  based  on  the  recurrent  equations  for  each  particle: 

•  <^n  +  l  —  fin  4"  27T  Qs  X  Sn 

•  (5„+i  =  (1  -jrJdFo)  ■  s„  +  7Tr2adFo  creRi  — 

(sin(^5  +  (&>+i  +  Am  sin  Wmf))  -  sin  tj>s) 

Rj  is  a  random  number  used  for  the  gaussian  shape  of  the 
bunch. 

3.1  Fokker-Planck  treatment 

In  the  previous  analytical  treatment,  the  synchrotron  radia¬ 
tion  effect,  which  includes  the  synchrotron  radiation  damp¬ 
ing  and  the  quantum  excitation,  has  not  been  taken  into  ac¬ 
count.  Although,  this  effect  has  been  neglected  in  previous 
papers,  some  strong  effects  have  been  observed  in  multi¬ 
particle  tracking  simulations.  The  previous  Hamiltonian 
treatment  can  not  be  applied  with  the  synchrotron  radiation 
effect  because  of  the  non-conservative  system  properties. 
Our  present  analysis  is  based  on  the  Fokker-Planck  equa¬ 
tion: 


—  +  {H,F}  =  R  (5) 

where  F(<f>,  S,  t)  is  the  distribution  function  in  the  bunch, 
R  is  the  collision  term  describing  the  synchrotron  radia¬ 
tion  effect,  { •  •  • }  denotes  the  Poisson  bracket  and  H  is  our 
peturbated  Hamiltonian  previously  explained. 

Expressing  eq.  5  in  (J,  ip)  variables  and  having  now  a 
system  completely  time-independant  (details  can  be  found 
in  [4]),  the  final  equation  can  be  written  as  : 

[U>,  Am(2  j)  '  gin  tan2  ^  +  Td  J  +  K ]|£ 

(6) 
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and  the  azimuthal  periodicity  for  the  third-integer  reso¬ 
nance  )  =  S(J)  x  e-7'3^  has  been  used.  The 

quantity  of  interest  is  the  term  in  bracket,  which  contains 
the  third-integer  resonance  perturbation,  the  damping  term 
with  7d  and  the  quantum  excitation  term  with  n  related  to 
7 d  by  the  relation  af  =  y/it/fd.  The  RF  phase  modulation 
will  be  still  efficient  if  the  magnitude  of  the  first  coefficient 
will  be  larger  than  the  synchrotron  radiation  effect  (2nd  and 
3rd  coefficients). 


3.2  islands  formation  criterion 


Coming  back  with  normalized  phase  space  variables 
(</>,  J),  we  express  the  three  coefficients  of  the  bracket  term 
in  eq.  6  as  follows: 


Cl 


16 


03,  C2  = 


The  c3  term,  much  smaller  than  ci  and  c2,  can  be  ne¬ 
glected.  We  find  a  limit  value  on  the  energy  spread  for 
the  formation  of  islands,  whenever  the  beam  energy  spread 
will  be  smaller,  islands  are  destroyed  by  the  synchrotron 
radiation: 


> 


16  Qs 

urf  a2  h  am 


(7) 


3.3  Simulations  of  formation  or  absence  of  is¬ 
lands 

We  checked  the  validity  of  the  island  survival  criterion  for 
the  3  previously  cited  machines.  For  each  machine,  the 
RF  phase  modulation  parameters  (wm ,  am)  have  been  first 
optimized  to  get  well-shaped  islands.  Multi-particle  simu¬ 
lations  were  performed  for  island  formation  or  destruction 
with  2  values  of  energy  spread:  the  natural  one  and  a  Active 
one,  which  gives  the  reverse  situation. 

Figure  3  gives  the  particle  distribution  in  phase  space, 
showing  the  island  destruction  for  Soleil  (upper-left),  Su- 
perAco  (bottom-left)  and  the  island  formation  for  Bessy  I 
(middle-right)  with  their  natural  energy  spread.  Table  3  re¬ 
sumes  the  energy  spread  values,  which  were  tested,  as  well 
as  the  limit  value  (natural  energy  spread  are  in  bold  char¬ 
acters).  The  energy  spread  of  SuperAco,  larger  than  the 
natural  one  and  which  was  chosen  for  island  creation,  cor¬ 
responds  to  a  real  situation,  where  the  beam  current  is  well 
above  the  turbulent  regime. 


Table  3:  <re  parameter  for  island  formation  or  absence. 


Soleil 

Bessy  I 

SuperAco 

&elim 

11.13  If)"3 

4.14  10-4 

14.02  10“4 

Veisland 

15.0  10-3 

5.0 10~4 

18.33  10-4 

damping 

9.24 10"4 

2.3  10"4 

5.5 10“4 

Figure  3:  Snapshots  (105  particles)  in  normalized  phase 
space  {<t>o ,  <5<j )  with  islands  destruction  (left)  and  islands 
formation  (right)  for,  in  order  of  appearance,  Soleil,  Bessy 
I  and  SuperAco. 


4  CONCLUSION 

With  appropriate  modulation  parameters,  the  method  can 
dilute  the  phase  space.  However,  for  some  cases,  syn¬ 
chrotron  radiation  effect  prevents  for  the  island  formation 
and  a  criterion  on  the  minimum  required  energy  spread  has 
been  found.  Anyway,  when  the  3w5  excitation  is  success¬ 
ful,  the  energy  spread  is  increased,  by  the  same  bunch¬ 
lengthening  factor  (islands  are  rotating  in  phase  space). 
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Abstract 

The  effects  of  amplitude  modulation  of  RF  cavity 
voltage  on  the  longitudinal  beam  dynamics  were  studied 
experimentally  at  SRRC  by  using  a  streak  camera  system. 
The  characteristics  of  parametric  resonance  in  single 
bunch  beam  was  investigated  both  by  simulation  and 
measurement.  The  formation  of  beamlets  in  the  bunch 
helps  to  damp  the  coherent  bunch  oscillation.  This  property 
is  employed  to  provide  stable  beam  in  user's  shift  at  SRRC. 

1  INTRODUCTION 

The  modulation  of  RF  system  is  one  of  the  important 
beam  dynamics  topics  in  accelerator  physics.  More  and 
more  accelerator  physicists  use  the  nonlinear  property  of 
parametric  resonance  of  RF  field  modulation  intentionly 
as  an  advantage  to  improve  the  performance  of  the 
accelerator  1].  The  parametric  resonance  of  RF  field 
modulation  resulted  in  redistribution  of  particles  in  the 
longitudinal  plane.  The  formation  of  islands  within  an 
RF  bucket  acceptance  reducing  the  density  in  the  bunch 
core.  The  beam  dynamics  property  related  to  the  bunch 
density  such  as  beam  life  time,  beam  instability  etc.  can  be 
improved.  At  SRRC  the  effect  of  the  RF  phase  modulation 
and  the  effect  of  RF  voltage  modulation  were  studied. 
The  study  of  RF  phase  modulation  at  SRRC  was  reported 
elsewhere[2].  In  this  paper  we  discuss  the  longitudinal 
beam  dynamics  with  RF  voltage  modulation.  A  simulation 
program  was  written  to  track  the  particle  distribution.  The 
characteristics  of  single  bunch  under  parametric  resonance 
were  measured  by  using  streak  camera.  The  application 
and  effects  on  multibunch  is  also  reported. 


2  LONGITUDINAL  BEAM  DYNAMICS 
WITH  RF  VOLTAGE  MODULATION 

For  a  charge  particle  in  a  circular  accelerator,  when  the 
amplitude  of  the  RF  cavity  voltage  is  modulated  by  a 
sinusoidal  wave  with  amplitude  e  in  unit  of  RF  cavity 
operational  voltage  and  frequency  fm  Hz  or  modulation 
tune  vm  =  where  w0  is  the  revolution  angular 

frequency,  the  equation  of  motion  are  given  by 


d<f) 

le 

d6_ 

de 


M  (i) 

0  —  [cVrf(1  +  esin (i/m0  +  £)) 

Z'KHjOVs 

sin  (<f>,  +  <t>)-U ]  (2) 


Where  9  =  ui0t  is  the  revolution  angle,  <f>s  the  synchronous 
phase,  6  defined  by  with  rj  the  slip  factor,  h  the 

harmonic  number,  and  U  the  radiation  energy  loss,  which 
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depends  on  the  energy  of  the  particles.  The  synchrotron 
mapping  equation  are  given  by 

K+l  =  <f>n  +  27 xvs6n  (3) 


<Wi 


6„  -  2ttps[1  +  f  sin(i/m0  +  £)]  • 

47 tcy 

sin(<f>,  +  <f>„+ 1) - 6n  (4) 

w0 


Where  a  is  the  radiation  damping  factor,  which  is  about 
200  s-1  of  storage  ring  at  SRRC  for  1.5  GeV.  Comparing 
to  the  synchrotron  angular  frequency  w„  1 .6  x  105s-1 ,  it  is 
smaller.  Neglecting  damping  term  and  the  corresponding 
Hamiltonian  is 

H  =  +  vt[l  +  esin(i/m0  +£)][!  —  cos <f\  (5) 


Analyzing  the  Hamiltonian  we  derive  island  structure  in 
the  phase  space.  The  results  of  applying  modulation 
frequency  two  times  around  the  synchrotron  frequency  is 
summarized[3].  The  stable  fixed  points(SFP’s)  are  located 
at  Jsfp  =  8(1  —  +  2e  for  =  0  and  —  7 r,  the 

unstable  fixed  points(UFP's)  located  at  Jufp  =  8(1  — 
|a.)  -  2e  for  fm  <  2 fs  -  \efs  =  /2,  or  JUFP  =  0 

for  h  <  fm  <  2f,  +  =  fi  for  =  f ,  ^.  A 

tracking  program  by  using  Eq.(3)  and  Eq.(4)  is  written. 
Several  cases  represent  the  fm  <  /2,  fm  =  /2,  /2  < 
fm  <  fi,  fm  =  /i  and  fm  >  /i  are  investigated.  The 
parameters  of  storage  ring  at  SRRC  are  used  for  tracking. 
The  synchrotron  frequency  of  the  ring  is  25.45  kHz,  the 
damping  rate  is  200  s-1,  and  the  revolution  frequency 
is  2.5  MHz.  The  modulation  amplitude  e  is  0.1  and  the 
corresponding  /2  is  49.6275  kHz  and  /x  is  52.1725  kHz. 
The  initial  particles  are  uniformly  distributed  100  x  100 
in  a  rectangular  box  of  dimension  <j>  €  [ — 7r,  7r],  6  £ 
[—2,2],  The  results  of  tracking  of  25000  turns  are  shown 
in  Fig.  1.  As  the  modulation  frequency  increases  from 
low  frequency  to  high  frequency,  the  two  outer  islands 
move  towards  the  center  core,  and  the  population  in  center 
core  decreases  and  the  two  outer  islands  increases.  As 
modulation  frequency  equals  /2  the  center  core  disappears. 
As  the  modulation  increases  further  the  two  outer  islands 
come  closer,  at  modulation  frequency  equals  f\  the  two 
outer  islands  merge  and  there  exists  again  single  beamlet 
in  a  RF  bucket.  The  two  outer  islands  rotate  around  the 
center  of  the  RF  bucket  with  angular  frequency  equals  to 
one  half  the  modulation  frequency  in  all  the  process. 


3  EXPERIMENTAL  RESULTS 

The  experiments  of  RF  amplitude  modulation  is  operated 
at  single  bunch  mode  with  beam  current  about  2  mA.  A 
sinusoidal  wave  from  HP  33120A  function  generator  was 
split  into  two  to  apply  to  the  two  gapvoltage  feedback  loop 
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Figure  1 :  Simulation  results  of  RF  amplitude  modulation. 
The  modulation  frequency  is  increased  from  top  to  down 
and  left  to  right.  The  modulation  amplitude  is  10%  of  the 
cavity  voltage. 


of  RF  cavity  low  level  system  respectively.  The  operational 
gapvoltage  of  each  cavity  is  400  kV.  The  modulation 
frequency  is  increased  step  by  step  from  low  frequency 
below  2  /,  to  high  frequency  above  2  /, .  The  modulation 
amplitude  ratio  is  0.083  and  0.066  respectively.  The  results 
were  recored  by  the  streak  camera.  The  formation  of  three 
beamlets  in  a  RF  bucket  is  shown  in  Fig.  2.  The  modulation 
frequency  was  51.08  K  Hz  with  modulation  amplitude  ratio 
0.083.  From  the  upper  part  of  the  Fig.  2  it  shows  that  two 
outer  islands  rotate  with  the  bucket  center  at  frequency  one 
half  the  modulation  frequency.  The  lower  part  of  the  Fig.  2 
shows  three  beamlets  in  a  single  bunch.  Which  is  predicted 
by  the  theoretical  analysis  at  modulation  frequency  below 
f2-  The  theoretical  value  of  f2  in  this  case  is  49.84  K 
Hz.  However  the  observation  revealed  even  at  modulation 
frequency  higher  than  51.08  kHz  there  could  exit  three 


beamlets  in  a  single  bunch.  The  reason  for  this  discrepancy 
may  be  due  to  the  non-coincidence  when  applied  the 
modulation  to  the  double  RF  system.  The  non  zero  single 
bunch  beam  current  may  affect  the  results  too.  It  was 
also  found  the  frequency  response  was  different  when 
modulation  frequency  was  swept  from  low  to  high  and 
from  high  to  low.  The  phenomenon  is  like  the  hysteresis 
of  magnetic  field. 


Horizontal  scale  10/jsec 


Figure  2:  Formation  of  islands  in  single  bunch  beam  under 
RF  voltage  modulation.  The  modulation  frequency  is  5 1 .08 
kHz  and  the  amplitude  is  8.3%  of  the  RF  cavity  voltage. 
The  upper  plot  shows  the  two  outer  islands  rotate  with 
the  bucket  center  at  frequency  one  half  the  modulation 
frequency.  The  lower  part  shows  the  structure  in  a  bunch 
and  the  turn  by  turn  motion.  The  full  vertical  scale  is  1 .4 
ns. 


4  SUPPRESSION  OF  BEAM 
INSTABILITY 

Longitudinal  coupled  bunch  beam  instability  is  one  of  the 
beam  instabilities,  which  deteriorate  the  beam  property. 
A  longitudinal  bunch  by  bunch  feed  back  system  is 
implemented  and  under  commissioning  to  suppress  the 
instability  [4].  Before  the  completion  of  the  longitudinal 
feed  back  system  the  RF  amplitude  modulation  is  used  as 
a  temporary  solution  to  suppress  the  longitudinal  coupled 
bunch  beam  instability.  A  modulation  frequency  slightly 
below  two  times  of  synchrotron  frequency  with  10% 
amplitude  modulation  was  applied  to  the  RF  system.  A 
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beam  spectrum  measured  from  the  BPM  sum  signal  from 
HP4396A  before  and  after  the  modulation  is  shown  in 
Fig.  3.  The  intensity  of  the  beam  spectrum  is  largely 
reduced  after  applying  the  modulation.  The  suppression 
of  synchrotron  side  band  near  revolution  harmonics  is  also 
shown  in  Fig.  4.  In  Fig.  4  the  two  revolution  harmonics  is 
complementary  to  multiplier  of  harmonics  numbers.  The 
multibunch  beam  motion  under  RF  amplitude  modulation 
was  also  recorded  by  streak  camera.  The  result  is  shown 
in  Fig.  5.  The  picture  is  much  like  the  single  bunch  event 
except  the  amplitude  of  motion  is  larger.  This  indicates 
that  the  rotations  of  beamlets  within  all  the  bunches  are  in 
phase. 

-10 
-20 
-30 

J-40 

TD 

I  -50 

1-60 

on 

-70 
-80 
-90 

5.0e8  6.0e8  7.0e8  8.0e8  9.0e8 

frequency  Hz 


-30 
-40 
-50 

g-60 

=§-70 
| -80 
8-90 
^100 
-110 
-120 
-130 

5.8705e8  5.871e8  5.8715e8  5.872e8 
frequency  Hz 
-30 
-40 
-50 
-60 

1-70 
-o 

£-80 

|-90 

1,100 

wa 

-no 
-120 
-130 
-140 

9. 1 1 8e8  9.1185e8  9.119e8  9.1195e8 
frequency  Hz 


Figure  3:  Beam  spectrum  from  BPM  sum  signal  before  and 
after  applying  RF  amplitude  modulation.  The  modulation 
frequency  was  50.155  kHz  and  the  amplitude  modulation 
is  10%.  The  frequency  span  of  the  spectrum  is  500  MHz. 

In  order  to  further  investigate  the  capability  of 
suppression  of  beam  instability  by  RF  amplitude 
modulation,  the  sextupole  strength  of  normal  operation  was 
reduced  and  the  vertical  betatron  side  had  appeared.  The 
synchrotron  photon  image  pulsing  on  the  screen  monitor. 
When  applying  the  modulation  the  vertical  betatron  side 
band  was  suppressed  and  the  synchrotron  photon  image 
was  stabilized  again  as  shown  on  the  screen  monitor.  From 
this  study  it  shows  the  beam  can  be  stabilized  by  the  RF 
voltage  modulation  even  at  lower  sextupole  strength  which 
is  usually  to  be  set  to  a  higher  value  to  provide  the  head-tail 
damping. 

The  application  of  the  RF  amplitude  modulation  close 
resonance  will  reduce  line  charge  density,  provide  larger 
energy  spread.  Thus  suppresses  the  coherent  motion  of 
beam  and  increase  lifetime.  However,  because  the  increase 
of  energy  spread  the  horizontal  beam  size  at  dispersion 
region  will  increase. 
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Figure  4:  Beam  spectrum  zoom  in  from  Fig.  3.  The 
revolution  harmonic  frequency  of  the  upper  is  587.106 
MHz,  and  the  lower  is  911.888  MHz.  The  frequency  span 
of  the  spectrum  is  200  kHz. 
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Figure  5:  Longitudinal  motion  of  multibunch  beam  under 
RF  amplitude  modulation.  The  modulation  frequency  is 
50.8  kHz  and  the  amplitude  is  8.3%  of  the  RF  voltage.  The 
full  vertical  scale  is  1.4  ns  and  100/isec  for  horizontal. 
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RF  MANIPULATIONS  IN  THE  FERMILAB  MAIN  INJECTOR* 

I.  Kourbanis,  and  D.  Wildman,  FNAL,  Batavia,  IL  60510  USA 


Abstract 

The  Fermilab  Main  Injector  will  have  a  multifunctional 
role  in  the  Run  II  Collider  run.  It  will  not  only  provide 
beam  for  antiproton  stacking  and  intense  proton  and 
antiproton  bunches  to  the  Tevatron  collider,  but  will  also 
decelerate  antiprotons  for  recycling  in  the  new  Recycler 
Ring  [1],  To  accomplish  these  goals  a  series  of  RF 
manipulations  will  be  needed. 


1  PROTON  COALESCING 

In  order  to  provide  intense  proton  bunches  (270  x  109ppb) 
for  the  Tevatron,  five  to  seven  53  MHz  proton  bunches 
will  be  colalesced  using  a  rotation  in  a  2.5  MHz  harmonic 
RF  system  [2], [3].  The  coalesced  bunch  is  then  recaptured 
with  1  MV  of  53  MHz  and  then  the  voltage  is 
adiabatically  reduced  to  440  KV  to  match  the  1  MV 
Tevatron  voltage.  Before  coalescing  each  of  the  proton 
bunches  has  a  longitudinal  emittance  of  about  0.15  eV-sec 
and  a  typical  intensity  of  40-50xl09p.  The  coalesced 
bunch  will  have  a  longitudinal  emittance  of  1. 4-2.0  eV- 
sec  depending  on  the  number  of  coalesced  bunches. 

The  coalescing  process  has  been  simulated  with  ESME 
[4],  A  mountain  range  of  coalescing  is  shown  in  Figure  1. 


nc«  S  [degree] 

Figure  1:  Mountain  range  picture  of  the  coalescing 
process.  One  degree  equals  31  nsec. 


A  total  of  36  coalesced  proton  bunches  will  be  needed  in 
the  Tevatron  for  each  store  so  to  avoid  repeating  the 
coalescing  process  36  times,  we  plan  to  eventually  inject 
from  the  Booster  4  groups  of  5-7  bunches  each  spaced  400 
nsec  apart  accelerate  them  to  150  GeV,  and  coalesce  them. 
Then  the  4  coalesced  bunches  will  be  transferred  to  the 
Tevatron  and  the  whole  process  will  be  repeated  9  times. 

In  order  for  the  multibatch  coalescing  to  work  efficiently 
we  need  to  apply  beam  loading  compensation  to  the  53 
MHz  cavities  during  the  2.5  MHz  rotation. 


2  ANTIPROTON  ACCELERATION 

To  provide  the  36  antiproton  bunches  for  the  Tevatron 
collider,  Main  Injector  will  have  to  accelerate  cooled 
antiproton  bunches  provided  by  the  Recycler.  No 
antiproton  coalescing  is  needed.  The  cooled  antiproton 
bunches  from  the  Recycler  will  have  a  longitudinal 
emittance  of  1.5  eV-sec  and  intensity  of  60xl09p  each. 
Since  we  are  going  to  exceed  the  Main  Injector 
momentum  aperture  if  we  try  to  accelerate  these  large 
longitudinal  emittance  bunches  trough  transition,  the  2.5 
MHz  coalescing  cavities  will  be  used  for  crossing 
transition.  This  will  require  a  2.5  MHz  low  level  control 
system  with  a  radial  position  loop  in  order  to  keep  the 
beam  in  the  design  radius  during  the  acceleration. 

Four  antipron  bunches  at  a  time  will  be  injected  from  the 
Recycler  at  8.9  GeV  in  2.5  MHz  buckets.  The  2.5  MHz 
voltage  will  be  adiabatically  raised  from  2.0  KV 
(matching  value  at  injection)  to  60  KV.  Then  the  four 
antiproton  bunches  will  be  accelerated  through  transition 
to  25  GeV.  At  25  GeV  a  bunch  rotation  is  performed  by 
dropping  the  2.5  MHZ  voltage  to  6  KV  for  1/4  of  a 
synchrotron  period  and  then  raising  it  back  to  60  KV  for 
another  1/4  period.  After  bunch  shortening,  the  antiproton 
bunches  are  recaptured  in  the  53  MHz  rf  buckets, 
accelerated  to  150  GeV,  and  then  transferred  into  the 
Tevatron.  This  entire  process  is  summarized  in  Fig.  2. 

The  entire  acceleration  process  of  one  antiproton  bunch 
has  been  simulated  using  ESME.  A  mountain  range  of  the 
transfer  from  2.5  MHz  to  53  MHz  at  25  GeV  is  shown  in 
Fig.  3. 


Operated  by  Universities  Research  Association,  Inc.  under  contract 
with  the  U.S.  Department  of  Energy. 
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Figure  2:  Acceleration  of  antiproton  bunches  from  the 
Recycler  into  the  Main  Injector. 


Figure  3:  Mountain  range  picture  of  the  transfer  from  2.5 
MHz  to  53  MHz  at  25  GeV  during  the  antiproton 
acceleration. 

No  emittance  blowup  is  observed  during  the  transition 
crossing.  The  final  longitudinal  emittance  is  1.65  eV-sec 
with  the  10%  growth  happening  during  the  transfer  from 
the  2.5  to  53  MHz.  Beam  loading  on  the  2.5  MHz 
cavities  is  a  concern  that  needs  to  be  addressed. 


3  ANTIPROTON  DECELERATION 

The  antiproton  bunches  left  at  the  end  of  the  store  in  the 
Tevatron  collider  will  be  recycled.  For  this,  after  the 
proton  bunches  are  eliminated  at  1000  GeV,  the 
antiproton  bunches  will  be  decelerated  to  150  GeV.  From 
there  they  will  be  transferred  to  the  Main  Injector  four 
bunches  at  a  time  for  a  total  of  nine  transfers. 

The  decelerated  antiproton  bunches  will  have  a  typical 
longitudinal  emittances  between  3-4  eV-sec  so,  as  with 
the  antiproton  acceleration,  we  will  need  to  transfer  to  the 
2.5  MHz  system  before  going  through  transition. 

The  transfer  from  53  MHz  to  2.5  MHz  is  accomplished 
at  a  front  porch  at  25  GeV.  First  the  53  MHz  voltage  is 
reduced  until  the  beam  fills  the  bucket.  The  53  MHz  is 
turned  off  and  the  bunches  are  rotated  for  a  quarter  of  a 
period  in  2.5  MHz  buckets  with  60  KV  of  2.5  MHz  and 
12.0  KV  of  5.0  MHz.  The  rotated  bunches  are  captured 
with  300  V  of  2.5  MHz  and  then  the  voltage  is 
adiabatically  raised  to  60  KV.  Next  the  bunches  are 
decelerated  through  transition  to  8.9  GeV,  the  voltage  is 
reduced  till  the  beam  fills  the  bucket  and  the  bunches  are 
transferred  to  the  Recycler.  This  process  is  summarized  in 
fig.  4. 


5  10  15 

Time  (sec) 

Figure  4:  Deceleration  process  of  antiproton  bunches  in 
Main  Injector. 
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Figure  5:  Mountain  range  picture  of  the  transfer  from  53 
MHz  to  2.5  MHz  at  25  GeV  during  the  antiproton 
deceleration. 


The  transition  crossing  with  4  eV-sec  bunches  results  in 
a  25%  emittance  growth,  mostly  due  to  nonlinearities 
because  of  the  slow  transition  crossing  (the  nonlinear  time 
T„,  much  longer  than  the  non-adiabatic  time). 

To  reduce  the  emittance  growth  during  transition  crossing, 
a  bipolar  y,  jump  was  considered  in  the  simulations.  The 
bipolar  jump  considered  maintains  a  clearance  of : 

[/ -7;]  -  0.65  »  2~Tni  except  for  about  10  msec. 

Transition  is  crossed  at  about  d(y  -  y,  )/ dt  =  130  sec-1 , 
almost  30  times  faster  than  wthout  a  jump.  ESME 
simulations  predict  that  crossing  transition  with  such  a  y, 
jump  leads  to  no  particle  loss  and  reduces  the  emittance 
growth  to  less  than  10%.  At  present  there  are  no  plans  for 
a  y,  jump  during  deceleration. 


4  BUNCH  ROTATION  FOR 
ANTIPROTON  PRODUCTION 


At  Fermilab  antiprotons  are  produced  by  the  delivery  of 
trains  of  120  GeV  proton  bunches  to  a  production  target 
from  which  antiprotons  are  collected  with  mean  kinetic 
energy  8  GeV  and  momentum  spread  Ap/ p>  3% .  The 
antiproton  beam  has  the  same  time  structure  as  the 
incident  protons.  The  proton  bunch  spacing-to-length  ratio 
is  made  as  large  as  possible  ( >  20 : 1 )  so  that  the  resulting 
antiproton  momentum  spread  may  be  reduced  by  bunch 
rotation  in  the  debuncher  ring  where  time  spread  is 
exchanged  for  momentum  spread. 

The  narrow  bunches  in  the  Main  Injector  are  obtained  by 
doing  two  successive  one-quarter  period  phase  rotations 
within  unmatched  buckets.  At  120  GeV  flattop  the  if 
voltage  is  held  at  3.5  MV  so  the  proton  bunches  with 
0.15  eV-sec  longitudinal  emittance  have  a  full  width  of 


about  1 .8  nsec.  The  rf  voltage  is  then  dropped  to  350  KV 
within  about  40  jJ.  sec  by  doing  a  fast  paraphasing.  Ideally 
in  one  quarter  synchrotron  period  (  4msec  )  the 
mismatched  bunch  rotates  to  span  5.7  nsec  within  the 
bucket.  At  this  point  the  rf  voltage  is  suddenly  raised  back 
to  3.5  MV  and  the  bunch  rotates  another  quarter  period  so 
that  the  bunch  energy  spread  becomes  205  MeV  and  the 
full  bunch  length  becomes  0.8  nsec. 

An  ESME  picture  of  the  proton  bunch  narrowing  is 
shown  in  Fig.  6. 


Figure  6:  Mountain  range  picture  of  the  proton  bunch 
narrowing.  After  two  successive  bunch  rotations  the 
bunch  length  is  reduced  by  half. 
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STUDY  OF  LONGITUDINAL  INJECTION/STACKING 
IN  THE  SNS  ACCUMULATOR  RING* 

J.  Beebe-Wang,  BNL,  Upton,  NY  1 1973 


Abstract 

Various  longitudinal  distributions,  resulting  from  the 
specific  injection  and  stacking  methods,  are  considered  to 
minimize  longitudinal  and  transverse  instabilities  and 
particle  losses  in  SNS  accumulator  ring.  The  longitudinal 
phase  space  paintings  by  linac  energy  ramping,  increased 
linac  energy  spread  and  the  use  of  a  random  phase  RF 
debunching  cavity  are  reported.  Bunch  lengthening  and 
beam  in  gap  rate  as  functions  of  injection  energy  spread, 
RF  voltage  and  injection  energy  error  is  summarized. 
Finally,  the  energy  error  tolerance  is  concluded. 

1  INTRODUCTION 

At  Brookhaven  National  Laboratory  work  is  in  progress 
for  the  design  and  construction  of  a  proton  accumulator 
ring  for  the  spallation  neutron  source  (SNS)  [1].  One  of 
the  performance  requirements  of  the  Spallation  Neutron 
Source  (SNS)  is  to  keep  the  uncontrolled  beam  loss  in  the 
accumulator  ring  to  <  2x1  O'4  /pulse.  In  order  to  lower  the 
e-p  instability  threshold  and  to  reduce  the  extraction  beam 
loss,  it  is  essential  to  produce  a  longitudinal  distribution 
that  has  broad  energy  spread,  uniform  distribution  and 
clean  gap.  This  study  is  devoted  to  longitudinal 
injection/stacking.  The  study  on  transverse  phase  space 
painting  and  related  issues  are  reported  separately  [2]. 

The  investigations  are  performed  by  tracking  105  macro¬ 
particles  in  full  6-dimensions  through  the  ring  lattice,  in 
the  presence  of  space  charge,  with  the  simulation  code 
ACCSIM  [3].  The  initial  longitudinal  distribution  of 
injected  pulse  is  Gaussian  in  energy  and  uniform  in  time. 
All  the  physical  quantities  used  in  the  simulations  are 
chosen  to  be  as  close  as  possible  to  the  specifications  in 
the  current  design  [4],  The  lattice  functions  [5]  and  other 
salient  parameters  used  in  the  study  are  listed  in  Table  1. 


Table  1  Design  parameters  used  in  the  simulation  study. 


Beam  Kinetic  Energy 

1  GeV 

Beam  Average  Power 

1. 0-2.0  MW 

Beam  Emittance  e,v 

120  Jimm-mr 

Tunes  v,  /  v„ 

5.82/5.80 

Max.  |3,  /  max.  Pv 

19.2 /19.2  m 

Dispersion  X„  (max/min) 

4.1 /0.0  m 

Injection  Pulse  Length  /  Gap 

546nsec  /  295 nsec 

Extraction  Pulse  Length  /  Gap 

591  nsec  /  250nsec 

RF  Voltage  (l51  /  2nd  harmonic) 

40  kV  /  20  kV 

‘Work  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy. 


2  EFFECTS  OF  ENERGY  RAMPING 

One  of  the  easiest  ways  to  increase  the  energy  spread  is  to 
paint  longitudinal  phase  space  by  energy  ramping.  During 
the  injection,  the  energy  may  be  ramped  in  any 
combinations  of  linearly/nonlinearly,  up/down 
towards/away  from  the  designed  energy  as  function  of 
time.  We  demonstrate,  in  Fig.  1  and  Fig.  2,  two 
longitudinal  phase  space  painting  results  from  the  two 
basic  methods  of  energy  ramping  shown  in  Fig.3  (a)  and 
(b),  respectively.  Other  painting  schemes  are  variations  of 
these  two.  It  was  found  that  various  undesirable  annular 
structures  were  developed  during  the  painting  depending 
on  the  ramping  schemes.  Because  the  injection  time  is 
comparable  to  the  synchrotron  oscillation  period,  the 
injected  particles  do  not  have  enough  time  to  redistribute 
through  synchrotron  oscillations.  Therefore,  energy 
ramping  does  not  provide  a  satisfactory  longitudinal 
particle  distribution  in  the  SNS  accumulator  ring. 


Fig.  1  Current  density  distribution  in  longitudinal  phase 
space  obtained  by  energy  ramping  illustrated  by  Fig.  3(a). 


4>  (deg) 


Fig.  2  Current  density  distribution  in  longitudinal  phase 
space  obtained  by  energy  ramping  illustrated  by  Fig.  3(b). 
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Fig.  3  Two  basic  energy  ramping  schemes,  (a)  Nonlinear 
monotonic,  (b)  linear  non-monotonic  during  the  injection. 

3  EFFECTS  OF  LINAC  ENERGY  SPREAD 


Fig.  6  Particle  in  gap  rate  vs.  injection  energy  spread  <JE  in 
1MW  and  2MW  beams. 


In  order  to  investigate  the  effects  of  increased  linac 
energy  spread,  the  longitudinal  phase  space  distributions 
for  aE=l-4MeV  in  1MW  and  2MW  beams  were  produced 
by  computer  simulations.  As  examples,  Fig.  4  and  5  show 
the  current  density  profiles  in  longitudinal  phase  space  for 
the  cases  of  aE=lMeV  and  2MeV  in  a  2MW  beam.  These 
profiles  indicate  that  increasing  linac  energy  spread  is  an 
effective  method  of  broadening  beam  energy  spread. 
However,  the  particle  leakage  to  the  gap  is  associated  with 
the  broad  beam  energy  spread.  Fig.  6  shows  the  particle  in 
gap  rate  vs.  injection  energy  spread  cE.  Considering  the 
beam  loss  requirement  of  SNS,  energy  spread  cE  has  to  be 
limited  to  1.5MeV  if  injected  linac  beam  has  long  tails. 


AE  (MeV) 


Fig.  4  Current  density  distribution  in  longitudinal  phase 
space  obtained  by  1225  turns  of  injection/stacking  with 
injection  energy  spread  cF=lMeV  and  truncation  of  5aE. 


AE  (MeV) 


Fig.  5  Current  density  distribution  in  longitudinal  phase 
space  obtained  by  1225  turns  of  injection/stacking  with 
injection  energy  spread  aE=2  MeV  and  truncation  at  5aE. 


4  EFFECTS  OF  DEBUNCHING 

A  random  phase  RF  debuncher  in  the  pre-injection  line  for 
increasing  momentum  spread  was  proposed  in  BNL  [6], 
By  modulating  RF  frequency  to  mismatch  the  beam  with 
RF  frequency,  the  individual  micro-bunches  effectively 
get  a  random  energy  kick  which  increases  the  rms 
momentum  spread  of  linac  beam.  Fig.  7  gives  a  beam 
profile  obtained  by  computer  simulation  applying  such 
random  phase  debuncher.  As  a  result,  the  injection  energy 
spread  is  broadened  to  oE=5MeV  without  any  tail 
enhancement.  Simulation  shows,  see  Fig.  8,  that  the 
injection/stacking  with  such  energy  distribution,  gives  a 
beam  with  broad  energy  spread  and  maintains  a  clean  gap. 


Fig.  7  Beam  profile  obtained  by  simulation  applying 
random  phase  debuncher  and  conventional  debuncher. 


AE  (MeV) 


Fig.  8  Current  density  distribution  in  longitudinal  phase 
space  obtained  by  injection/stacking  with  injection  energy 
spread  aE=5MeV  and  truncation  at  5MeV. 
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4  BEAM  LOSS  VS.  RF  WAVEFORMS 

Two  major  factors  leading  to  longitudinal  beam  losses  are 
bunch  lengthening  and  particle  leakage  to  the  gap. 
Previous  work  [7,  8]  has  established  that  a  dual-frequency 
RF  system  has  significant  advantages  over  a  single- 
frequency  system  on  beam  handing.  In  the  current  dual¬ 
frequency  RF  system  design,  the  1st  and  2nd  harmonic  has 
voltage  of  40kV  and  20kV  respectively.  In  order  to  make 
a  realistic  comparison  of  dual-frequency  and  single¬ 
frequency  RF  system  on  the  effects  of  longitudinal  beam 
loss,  we  study  single-frequency  at  40kV  and  dual¬ 
frequency  at  40kV  and  20kV,  for  the  Is'  and  2nd  harmonic, 
with  identical  physical  conditions.  The  simulation  results 
of  the  effects  of  dual-frequency  and  single-frequency  RF 
systems  on  bunch  lengthening  and  particle  in  gap  rate  at 
the  end  of  1  MW  injection/stacking  (with  tail  truncation  at 
5oe)  are  summarized  in  Table  2  and  3  respectively. 


Table  2  Bunch  lengthening  (nsec)  versus  RF  waveforms 
and  voltages  with  injection  energy  spread  =1,  2,  3MeV. 


Injection  Energy  S 

□read  cr„ 

IMeV 

2MeV 

3MeV 

Single-freq.  RF  40  kV 

19 

46 

84 

Dual-ffeq.  RF 
Voltage  (kV) 

( 1  st/2”d  harm.) 

40/20 

19 

23 

37 

36/18 

21 

30 

30/15 

23 

42 

20/10 

37 

107 

Table  3  Particle  in  gap  rate  (104)  versus  RF  waveforms 
and  voltages  with  injection  energy  spread  g„  =1,  2,  3MeV. 


Injection  Energy  S 

pread  a„ 

IMeV 

2MeV 

3MeV 

Single-freq.  RF  40  kV 

2.9 

8.9 

28.7 

Dual-ffeq.  RF 
Voltage  (kV) 
(l72°d  harm.) 

40/20 

0 

4.5 

22.0 

36/18 

0.1 

5.1 

30/15 

0.3 

5.7 

20/10 

1.8 

46.4 

5  ENERGY  ERROR  TOLERANCE 

If  the  injected  linac  energy  is  slightly  different  from  the 
design  energy  of  the  accumulator  ring,  undesirable  annular 
structures  may  develop  in  the  longitudinal  phase  space 
distribution,  which  may  cause  instabilities  and  beam 
losses.  The  energy  error  tolerance  is  crucially  dependent 
on  injection  energy  spread  cEand  RF  voltages  applied. 
Bunch  lengthening  and  particle  in  gap  rate  as  functions  of 
injection  energy  error  with  various  injection  energy  spread 
cte  (with  tail  truncation  at  5oE)  and  RF  voltages  are  show 
in  Fig.  9  and  Fig.  10  respectively,  which  are  obtained  from 
simulations  of  105  macro-particles  during  1225  turns  of 
injection/stacking.  The  statistical  fluctuation  is  -10%. 
From  this  study  we  give,  in  Table  4,  the  energy  error 
tolerance  versus  injection  energy  spread  cEand  RF  voltage 
for  1MW  SNS  accumulator  ring  injection.  The  tolerance 
level  can  be  expected  to  be  lower  for  the  2MW  injection. 


x •••• 

••  X 

oE=2MeV,  Vrf=30/1  SkV 

-4-  - 

-+ 

aE=2MeV,  VRp=36/18kV 

oE=2MeV,  VRF=40/20kV 

£2 — 

ctc=1  MeV,  Vnp=20/1  OkV 

A . 

aE=1  MeV,  Vrf=30/1  5kV 

•#.  - 

aE=1MeV,  Vrf=36/1  8k V 

oE=1  MeV,  VR(==40/20kV 

Injection  Energy  Error  (MeV) 

Fig.  9  Bunch  lengthening  versus  injection  energy  error. 


Injection  Energy  Error  (MeV) 
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CTE=2MeV,  VRF=30/15kV 
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<- 

— 
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Fig.  10  Particle  in  gap  rate  versus  injection  energy  error. 


Table  4  Injection  energy  error  tolerance  versus 
injection  energy  spread  q,  and  RF  voltage. 


RF  Voltage 
(l1 72nd  harm.) 

Injection  Energy  Spread  o,; 

1  MeV 

2  MeV 

3  MeV 

40kV / 20kV 

<  2MeV 

N.  A. 

N.  A. 

36kV / 18kV 

<  1.5MeV 

N.  A. 

N.  A. 

30kV / 15kV 

<  IMeV 

N.  A. 

N.  A. 

20kV  /  lOkV 

OMeV 

N.  A. 

N.  A. 

N.  A.  =  Not  Acceptable 
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RF  FREQUENCY  SHIFT  DURING  BEAM  STORAGE 
IN  THE  SLC  DAMPING  RINGS  * 

R.  Akre,  F.  -J.  Decker,  M.G.  Minty 
Stanford  Linear  Accelerator  Center  (SLAC),  Stanford,  CA  USA 


Abstract 

A  method  to  reduce  the  horizontal  damping  time  and 
equilibrium  emittance  of  the  SLC  Damping  Rings 
required  changing  the  RF  frequency  during  the  beam 
storage  time.  The  changed  frequency  causes  the  beam  to 
pass  off  center  through  the  quadrupoles  effectively 
stretching  the  ring.  The  timing  and  phasing  of  the  ring  is 
required  to  be  locked  to  the  accelerator  for  both  injection 
and  extraction.  The  requirement  was  to  change  the  RF 
frequency  by  up  to  100kHz  after  injection  transients  were 
damped.  Before  extraction  from  the  ring,  the  bunch  had 
to  be  in  the  correct  bucket  and  phase  locked  to  the  linac. 
It  was  necessary  that  the  frequency  shift  not  interfere  with 
the  operation  of  several  feedback  loops  and  that  any 
stimulated  bunch  oscillations  be  damped  to  less  than  0.1° 
at  714MHz  before  extraction,  less  than  200|is  after 
returning  to  the  nominal  frequency  of  714.000MHz. 
Several  methods  were  evaluated  to  perform  the  task.  The 
modifications  made  to  the  ring’s  RF  system  and  operating 
parameters  to  accomplish  the  intrastore  frequency  shift  are 
described. 

1  QUEST  FOR  A  METHODE  TO 
CHANGE  FREQUENCY 

During  past  experiments  unlocking  of  the  ring  oscillator, 
changing  to  a  different  frequency  for  a  period  of  time,  and 
then  relocking  had  been  done  to  shift  timing  of  the 
extracted  beam.  Frequency  shifts  on  the  order  of  several 
kilohertz  had  been  successfully  accomplished  by 
unlocking  the  rings  phase  locked  oscillator  from  is 
reference  source,  however  locking  would  take  place 
several  milliseconds  before  extraction.  The  current 
requirement  of  changing  the  frequency  back  to  the  correct 
phase  and  relocking  to  maintain  an  extraction  jitter  of  less 
than  0.1°  RMS  within  200|is  did  not  seem  possible  using 
existing  hardware. 

The  ring  oscillator  used  was  not  able  to  stabilize  after  a 
100kHz  frequency  shift  in  time  for  extraction.  Attempts 
were  made  to  inject  a  100kHz  error  signal  into  the 
feedback  loop  of  the  phase-locked  oscillator.  This  method 
seemed  promising  although  side  band  noise  levels  were 
higher  than  desired.  Use  of  the  ring  oscillator  to  change 
frequency  was  set  aside  as  a  new  method  was  tested. 


*  Work  supported  by  the  U.S.  Department  of  Energy,  contract  DE- 
AC03-76SF00515 


Rather  than  change  the  frequency  of  the  reference  RF  to 
the  ring,  a  phase  rotation  could  be  used  to  cause  a 
frequency  change.  Adding  a  phase  rotation  to  a  reference 
frequency  results  in  a  new  frequency,  above  or  below  the 
reference  depending  on  the  direction  of  the  phase  rotation. 
The  constant  phase  change  shown  in  Figure  1  is  equal  to 
360°  per  10  cycles  of  RF.  This  causes  the  frequency  to 
increase  by  10%. 


1 0  Percent  Frequency  Shift 


Figure  1.  Example  of  frequency  shift  due  to  addition  of 
constant  phase  change. 


An  In-phase  and  Quadrature-phase,  I&Q,  modulator 
was  built  using  two  RF  mixers,  two  power  splitters,  two 
20dB  attenuators,  and  an  amplifier  (see  Fig.  2).  An  RF 
mixer  has  the  property  that  when  the  local  oscillator,  LO, 
port  is  biased  with  RF,  the  RF  port  output  amplitude  is 
proportional  to  the  intermediate  frequency,  IF,  port  input 
amplitude.  As  the  IF  input  changes  polarity,  the  RF 
output  changes  phase  by  180°. 


Figure  2. 1  &  Q  Modulator. 

The  power  into  an  I&Q  modulator  is  split  with  one  of 
the  RF  paths  being  90°  longer  than  the  other.  The  RF  is 
then  used  to  drive  the  LO  ports  of  the  two  mixers.  The  RF 
output  ports  of  the  two  mixers  are  combined,  amplified 
and  then  sent  out.  A  20  dB  attenuator  was  placed  on  the 
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IF  port  of  each  mixer  to  be  able  to  drive  the  mixer  with  a 
voltage  source.  With  a  linear  combination  of  the  two 
orthogonal  vectors  any  vector  can  be  created.  The  voltage 
to  the  I  &  Q  inputs  were  adjusted  to  give  a  constant  RF 
amplitude  output  for  different  RF  output  phases.  The  I  & 
Q  voltages  were  then  recorded  (see  Fig.  3). 


-180  -150  -120  -90  -60  -30  0  30  60  90  120  150  180 


Phase  Degrees 

|  ♦  I  Volts  ■  Q  Volts  | 

Figure  3.  Calibration  Data  of  the  I  &  Q  Modulator. 

Two  arbitrary  function  generators  were  programmed 
to  drive  the  I  and  Q  mixers.  Software  was  written  to 
create  waveforms  for  the  I  and  Q  arbitrary  function 
generators.  The  function  generators  were  triggered  using 
the  rings  timing  system.  The  predetermined  waveform 
would  run  for  the  specified  amount  of  time 

2  DAMPING  RING  FEEDBACKS 

The  system  was  installed  in  the  damping  ring  as  shown  in 
Figure  5.  There  are  two  phase  references  for  the  damping 
ring.  The  RF,  which  drives  the  ring,  is  divided  down  from 
the  2856  MHz  at  the  injector.  This  RF  is  used  to  drive  the 
ring  and  set  the  injection  phase.  The  second  phase 
reference  comes  from  sector  2  where  the  damping  ring 
bunch  is  injected.  During  the  store  the  bunch  phase  is 
locked  to  the  2856  MHz  from  sector  2  for  extraction. 

2.1  Cavity  Phase  Angle 

The  cavity  phase  measurement  measures  the  phase 
between  the  forward  RF  into  the  cavity  and  the  RF  in  the 
cavity.  The  measurement  phase  error  is  small  since  the 
difference  in  cable  length  between  the  forward  RF  coupler 
and  the  cavity  probe  to  the  phase  detector  is  small.  With  a 
frequency  change  of  100kHz  at  714MHz  (140  ppm)  a 
40ns  difference  in  cable  length  would  cause  a  1.5°  error. 

A  frequency  change  for  a  resonant  cavity  is  similar  to  a 
tuning  angle  change  for  the  cavity.  The  cavity  being  run 
off  frequency  would  require  more  RF  power  as  the 
frequency  changed.  From  Figure  4  an  80kHz  offset  in 
frequency  would  cause  a  7dB  drop  in  cavity  power  and  a 
-60°  change  in  phase  angle.  Near  resonance  the  cavity 
phase  angle  changes  about  1.2°  per  kHz.  In  order  to 
minimize  the  amount  of  power  required  the  tuning  angle 


should  be  set  to  +36°  at  714MHz.  A  frequency  shift  of 
+80kHz  would  then  change  the  tuning  angle  to  -36°, 
requiring  the  same  klystron  power  for  the  same  gap 
voltage.  The  RF  phase  measurement  for  the  loop  is 
sampled-and-held  during  a  time  after  the  beam  has 
stabilized  and  before  any  change  in  frequency. 
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Figure  4.  Cavity  591  Probe  RF  -  Cavity  Forward  RF. 

2.2  Klystron  Phase  Loop 

The  klystron  phase  loop  measures  the  phase  of  the  RF 
coming  into  the  ring  and  compares  it  with  the  amplitude 
sum  of  the  cavities.  The  loop  is  about  900ns  in  length.  A 
140ppm  frequency  change  in  the  ring  would  cause  a  phase 
reading  enror  of  33°.  The  loop  is  a  slow  loop  which 
purpose  is  to  compensate  for  phase  drifts  caused  by 
temperature  change  and  maintain  the  correct  injection 
phase.  During  operation  of  the  frequency  change  the 
feedback  was  turned  off. 

2.3  Direct  Feedback  Loop 

The  direct  feedback  loop  mixes  the  vector  sum  of  the 
cavities  with  the  input  drive  RF  to  the  klystron  to  stabilize 
transients.  The  length  of  the  loop  is  about  350ns  and  in 
order  to  be  stable,  the  loop  must  stay  within  a  limited 
phase  range  around  180°  (negative  feedback).  A 
frequency  change  of  140ppm  will  cause  a  phase  change  in 
the  feedback  loop  of  13°.  The  cavity  phase  change  will 
dominate  this  value.  Beam  intensity  changes  in  the 
cavities  will  also  change  the  feedback  phase.  The  gain  of 
the  loop  was  set  low  enough  to  allow  all  combinations  of 
beam/no  beam  and  frequency  shift/no  frequency  shift  to 
be  stable. 

2.4  Extraction  Phase  Feedback 

Every  360°  rotation  of  the  phase  causes  the  bunch  to  shift 
a  bucket  with  respect  to  where  it  would  have  been  without 
the  phase  rotation.  In  order  for  the  bunch  to  be  extracted 
the  same  as  if  there  would  be  no  phase  rotation  it  must 
precess  the  ring  an  integer  number  of  turns.  This  places 
the  bunch  in  the  exact  place  it  would  have  been  if  there 
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were  no  frequency  shift.  The  bunch  passes  through  the 
extraction  kicker  at  the  exact  same  time  it  would  have 
with  no  frequency  shift  and  is  injected  into  the  linac  in  the 
same  bucket.  The  phase  ramp,  which  is  required  to 
compensate  for  the  difference  between  the  injection  and 
extraction  phase,  is  accomplished  by  stopping  the  phase 
rotation  at  the  correct  extraction  phase.  In  order  to 
maintain  collisions  it  is  necessary  to  keep  track  of  the 
bucket  the  bunches  are  in  and  inject  them  into  the  correct 
accelerator  bucket. 


Figure  5.  Damping  Ring  RF  -  Single  Cavity  Shown. 


As  the  ring  frequency  returns  to  the  original  value  the 
horizontal  damping  time  and  equilibrium  emittance 
change  back  to  their  original  values.  It  is  desired  therefore 
to  stop  the  phase  rotation  and  return  to  the  original 
frequency  as  close  to  extraction  as  possible.  To  keep 
energy  jitter  below  that  which  will  effect  luminosity,  the 
ring  extraction  phase  of  the  beam  with  respect  to  the  linac 
must  have  an  RMS  value  below  0.1  degree  at 
714.000MHz.  The  extraction  feedback  loop  must  be 
given  enough  time  to  stabilize  from  after  locking  and  to 
before  extraction.  The  extraction  feedback  loop  was 
closed  200|is  before  extraction  in  order  to  minimize 
emittance  and  extraction  jitter. 


3  OPERATION 

The  system  was  installed  and  operated  in  the  south 
damping  ring  initially.  Files  were  set  up  to  run  the 
frequency  shift  at  several  different  frequencies.  Each  of 
the  frequencies  allowed  the  modulator  to  run  for  a 
multiple  of  84  rotations  over  6.8ms.  This  requirement 
caused  the  frequency  offset  to  be  an  integer  multiple  of 
12.353kHz.  The  frequency  shift  was  started  about  1.33ms 
into  the  store.  Initial  damping  of  the  injection  transients 
and  stabilization  of  the  beam  occurred  during  this  first 
1.33ms.  Sampling  of  the  RF  for  the  cavity  phase  angle 
loop  took  place  l.OmS  after  injection.  The  frequency  shift 
ended  200|is  before  extraction. 

The  instantaneous  frequency  shift  at  the  start  and  stop 
of  the  phase  rotation  caused  a  phase  jump  that  kicked  the 
beam.  In  order  to  minimize  the  effect  the  phase  rotation 
was  ramped  up  at  the  start  and  down  at  the  end  over  a 
period  of  200|is,  see  Figure  6. 


Figure  6.  Ramp  of  Phase  Rotation  for  200ps. 

The  tuning  angle  of  one  of  the  cavities  was  not  able  to 
be  set  to  the  desired  value  due  to  outgassing  of  a  newly 
installed  tuner.  The  cavities  were  unable  to  maintain  the 
voltage  during  the  frequency  shift.  In  order  not  to  saturate 
the  voltage  feedback  loop,  the  voltage  desired  value  was 
ramped  to  a  lower  value  as  the  frequency  was  increased. 
The  south  damping  ring  has  been  run  with  the  mid-store 
frequency  shift  and  a  reduction  in  emittance  noted, 
Reference  1. 
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Abstract 

Heavy  ion  fusion  (HIF)  sources  will  be  low-emittance, 
high  current  (0.5-1A),  and  suitable  for  injection  into  a 
multiple  beam  induction  linac,  where  the  diameter  of  each 
beam  aperture  at  the  beginning  of  the  accelerator  is  3-6 
cm.  Practical  transport  limits  involved  in  matching  the 
beam  to  the  accelerator  aperture  in  a  reasonably-sized 
structure  correspond  to  several  mA/cm2  of  space  charge 
limited  flow  with  an  injector  extraction  voltage  of  1-2.5 
MV.  We  have  built  a  J  =  8  mA/cm2  Cs+  contact 
ionization  source  for  a  160kV  diode;  this  represents  a 
factor  of  four  increase  in  the  Cs+  current  density  over 
previous  sources  for  HIF.  The  emitter  is  sintered  iridium, 
operating  at  950  <  T  <  1150  °C.  We  are  experimenting 
with  several  methods  of  alkali  feeding  capable  of 
maintaining  a  fraction  (<5%)  of  a  monolayer  coverage  on 
the  iridium  surface. 

1  BACKGROUND 

In  developing  sources  and  injectors  for  a  heavy  ion  fusion 
driver,  high  current  density  is  desired  because  it  allows 
smaller  and/or  fewer  beams  and  thus  a  less  expensive 
injector  design.  Ideally,  one  desires  that  the  current 
density  be  limited  by  voltage  breakdown  and  beam 
transport  considerations  rather  than  the  emission  limit  of 
the  ion  source.  Recent  designs,  which  are  still  evolving, 
place  the  desired  current  density  of  the  ion  source  at  8 
mA/cm2  Cs-t-  equivalent. 

At  Lawrence  Berkeley  National  Laboratory,  a  surface 
ionization  source  that  achieves  >  8  mA/cm2  has  been 
built  and  tested.  This  particular  type  of  surface  ionizer,  in 
which  Cs  atoms  are  first  applied  to  and  then  evaporated 
from  a  refractory  metal  surface,  has  routinely  produced 
highly  uniform  ion  beams  with  low  emittance.  The 
resulting  transverse  emittance  for  an  injector  with  good 
optics  is  slightly  above  the  lower  limit  established  by  the 
temperature  of  the  emitting  surface  (~0.1  eV),  which  is 
difficult  to  achieve  with  gas  or  plasma  sources. 

Previous  surface  ionizers  designed  as  ion  thrusters  have 
used  a  sintered  W  plug  as  a  diffuser  to  control  the  flow  of 
Cs  atoms  from  a  rear  mounted  vapor  Cs  reservoir  to  the 
front  surface  ionizer  [1].  For  the  HIF  Cs  emitter,  the 
sintered  iridium  “sponge”  is  both  the  contact  ionizer  and 
the  Cs  reservoir;  the  Cs  is  stored  in  an  ionized  state  on  the 
large  surface  area  of  the  porous  Ir.  We  expect  a  much 
slower  depletion  process  that  is  controlled  by  surface 


diffusion  with  essentially  immeasurably  small  vapor 
pressures. 

2  DESIGN 


2.1  Ion  and  Neutral  Emission  Considerations 


Previously  we  have  used  porous  W  in  the  same  manner, 
yielding  emission  currents  of  J  =  2  mA/cm2,  but  changed 
from  W  to  Ir  in  the  expectation  of  reduced  Cs  neutral 
emission.  From  the  Saha-Langmuir  equation,  the  ion  to 
neutral  emission  fraction  from  a  clean  surface  is: 

—  =  2exp[^  ~  (1) 

v.  F  kT 


where  <|)  is  the  work  function  of  the  metal  and  I  is  the 
ionization  potential  of  the  adsorbed  atom.  This  ratio  is 
624  for  Cs  on  W,  and  2xl06  for  Cs  on  Ir.  Additionally, 
the  difference  in  work  functions  results  in  overall 
emission  that  is  somewhat  less  for  iridium  than  for  W. 
Therefore,  the  source  needs  to  operate  at  a  higher 
temperature  (+~  100°C)  to  achieve  the  same  ion  current 
density.  The  duty  factor  of  a  HIF  injector  is  2x1  O'4,  so 
neutral  emission  dominates  the  depletion  of  Cs  on  W. 
We  believe  Ir,  being  a  noble  metal,  is  fairly  clean  at  the 
1000-1200  °C  operating  temperatures,  and  therefore  less 
prone  to  adverse  chemical  effects  than  W.  The 
experimentally  observed  longer  emission  lifetime  (50  hrs 
vs.  15  hrs)  and  higher  current  density  (8  mA/cm2  vs.  2 
mA/cm2)  for  the  Ir  compared  to  the  W  seem  to  confirm 
the  above  expectations. 

In  the  W  sponge,  diffusion  models  developed  by 
Langmuir  and  Taylor  [2]  predict  a  diffusion  time  of  T  = 
200  seconds  compared  to  an  emission  lifetime  or  Cs 
depletion  time  of  -15  hours.  For  this  system,  at  any 
instant  the  surface  coverage  9  is  constant  within  the 
volume  of  sintered  material.  In  the  case  of  Ir,  Cs  ions  are 
more  tightly  bound  to  the  surface,  and  there  is  some 
indication  that  we  may  have  non-uniform  concentrations 
within  the  sponge.  Thus,  we  are  looking  for  the  time 
dependence  of  the  depletion,  essentially  a  t'1/2  decay  instead 
of  e't/t,  at  different  temperatures.  In  the  porous  W,  the 
initial  doping  of  the  Cs  is  based  on  achieving  a  small 
(0-3%)  surface  coverage.  In  the  Ir  sponges,  if  diffusion 
from  the  volume  of  the  sponge  to  the  emitting  surface  is 
the  limiting  process,  we  may  be  able  to  increase  the 
surface  coverage  in  the  interior  region  and  gain  additional 
life. 
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2.2  Re-supply  of  Cs 

It  is  desirable  to  have  some  means  of  closely  controlling  0 
to  get  high  current.  By  using  the  large  surface  areas  of 
porous  sintered  metals  as  a  reservoir  the  time  over  which 
the  emission  of  ions  falls  below  the  space  charge  limit  of 
interest  (8  mA/cm2)  can  be  several  days. 

Various  possible  schemes  may  be  used  to  re-supply  Cs 
atoms  to  the  source,  ranging  from  a  continuous  Cs  vapor 
feed  to  a  pulsed  vapor  feed  to  an  infrequent  application  of  a 
Cs-containing  compound.  We  used  a  spark  source  for 
several  years  to  supply  Cs  for  a  1 -Ampere  beam  on  every 
pulse,  and  more  recently  we  have  used  a  Cs2C03  solution 
that  we  apply  every  few  days  onto  the  porous  W  emitters 
with  a  syringe. 

Two  methods  are  currently  being  considered  for  re¬ 
supplying  the  Ir  emitter  with  Cs  under  vacuum.  One 
approach  uses  a  liquid  reservoir  of  Cs2C03  solution,  a 
small  amount  of  which  would  be  sprayed  at  the  cold 
source  under  vacuum  through  a  retractable  nozzle.  A  short 
burst  could  deliver  enough  cesium  atoms  to  supply  a  large 
driver-scale  source  for  a  full  day.  Another  method  uses  a 
small  array  of  commercially  available  alkali  dispensers 
that  would  be  remotely  positioned  in  front  of  the  emitter 
similar  to  the  nozzle.  The  dispensers  are  activated  by  =7 A 
of  current  and  emit  of  Cs  atoms;  this  method  has  been 
successfully  tested.  It  is  appropriate  for  small  sources  for 
scaled  experiments,  but  the  storage  capacity  of  the 
dispensers  could  not  re-supply  a  HIF  driver  scale  source 
more  than  a  few  times.  We  are  currently  investigating 
another  long-term  vapor  delivery  option  using  a  directed 
nozzle  and  a  much  larger  reservoir  of  Cs  compound. 

2.3  Effects  on  High  Voltage 

One  of  the  main  motivations  for  using  the  minimum 
amount  of  Cs  and  for  using  it  efficiently  is  that  even  a 
small  amount  of  Cs  on  insulators  and  high  voltage 
electrodes  tends  to  lower  their  breakdown  strength.  We 
presently  run  a  200  kV  Cs  beam  combining  experiment 
[3],  a  160  kV  scaled  final  focusing  experiment  [4]  and  a  2 
MV  K  injector  without  noticeable  problems  from 
contamination,  but  have  had  such  problems  in  previous 
experiments.  This  is  one  of  the  leading  concerns  about 
using  contact  ionization  sources  in  injectors  for  heavy  ion 
fusion. 

2.4  Source,  Filament  and  Heat  Shield 

The  heat  shield  assembly  was  built  with  an  emphasis  on 
achieving  higher  temperatures  (>1150  °C)  for  higher 
current  densities  with  an  Ir  emitter  while  still  maintaining 
good  thermal  efficiency.  The  filament  is  freestanding  in  a 
Mo  chamber,  in  contrast  to  our  previous  potted  filaments, 
or  filaments  in  contact  with  alumina  insulators. 

Figure  1  shows  a  CAD  cutaway  view  of  the  complete 
source,  including  the  sintered  iridium  emitter,  the 
filament,  the  heat  shields,  and  the  carbon  Pierce  electrode. 


The  conductive  heat  path  from  the  Mo  cup  enclosing 
the  filament  is  via  the  reentrant  path  of  three  concentric 
thin  (0.005”)  molybdenum  cylinders  to  reach  the  back 
plate  of  the  assembly  which  would  act  as  a  thermal  sink. 
Radiation  to  the  sides  and  rear  of  the  filament  encounters 
many  layers  of  highly  reflective  shielding. 


Figure  1:  CAD  cutaway  view  of  the  source,  filament,  heat 
shield  assembly  and  the  conical  Pierce  electrode.  The  Ir 
emitter  diameter  is  1.0  cm  (black  arrows).  The  red  arrows 
indicate  the  conductive  path  from  the  filament  housing  to 
the  rear  support  flange. 

The  curved  (11  cm  radius)  emitting  surface  is  the  end  of 
a  sintered  iridium  cylinder,  1  cm  in  diameter  and  1cm 
long.  The  emitter  was  then  finished  to  size  with  a 
diamond  grinder,  including  grinding  the  spherical  surface. 
This  surface  was  then  etched  using  electric  discharge 
machining  to  recover  the  porous  nature  of  the  sintered 
material  near  the  emitting  surface.  This  allows  Cs  atoms 
attached  to  the  internal  surfaces  of  the  sintered  metal  to 
migrate  forward  and  repopulate  the  emitting  area.  Figure 
2  shows  an  electron  microscope  image  of  the  porous 
emitting  surface. 


Figure  2:  Electron  microscope  image  of  the  sintered  Ir. 
The  line  indicates  10(1  on  the  surface. 
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Another  important  detail  of  the  design  is  the 
molybdenum  ring  that  serves  as  an  intermediate  stage 
between  the  emitter  edge  and  the  edge  of  the  carbon  Pierce 
electrode.  It  is  positioned  <0.005”  from  the  emitting 
surface,  but  does  not  make  thermal  contact.  Because  the 
properties  of  the  extracted  ion  beam  are  very  sensitive  to 
the  geometry  in  the  immediate  vicinity  of  the  emitting 
surface,  a  Mo  intermediate  piece  was  used  so  that  the  inner 
surface  could  be  machined  to  a  “knife  edge”.  This 
positions  the  Pierce  angle  of  the  electrode  as  close  as 
possible  to  the  emitter  edge.  The  less  precise  edge  of  the 
graphite  electrode  is  then  no  longer  a  part  of  the  critical 
region  adjacent  to  the  emitter. 


3  PERFORMANCE  AND  FUTURE 
PLANS 

The  thermal  performance  of  the  heat  shield  assembly  is 
quite  good.  The  emitter  surface  was  raised  to  a 
temperature  of  1140°C  using  a  filament  power  of  40 
watts,  and  the  source  was  operated  at  an  emitter 
temperature  as  high  as  1225  °C  using  52  watts.  Upon 
disassembly,  there  was  no  visible  degradation  of  the 
filament  or  damage  to  any  of  the  heat  shield  package 
components  (See  fig.  3).  The  pyrometer  used  for  all 


measurements  was  calibrated  against  thermocouple 
measurements  made  of  an  identical  piece  of  sintered  Ir  over 
a  temperature  range  of  900  to  1 150°C. 

In  fig.  4  we  compare  our  observations  to  some  previous 
measurements.  The  data  from  Wilson  [6]  are  critical- 
current  measurements.  It  appears  that  Cs  on  Ir  will  give 
sufficiently  high  current  density  for  HIF  applications  at  an 
acceptable  operating  temperature. 

We  observed  a  space  charge  limited  current  of  9mA/cm2 
for  >50  hrs  of  continuous  running  without  need  to  re¬ 
supply  the  Ir  with  Cs.  This  represents  a  significant 
increase  in  lifetime  over  our  experience  with  similar  sized 
porous  W  emitters  [3]  where  the  current  density  was 
considerably  lower  (=2mA/cm2). 
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Figure  3:  Current  density  vs.  T. 

The  source  will  be  used  in  a  scaled  HIF  final  focusing 
experiment  [4]  where  the  emittance  and  beam  uniformity 
will  be  measured.  This  design  may  be  implemented  in  a 
driver  -scale  injector  [5]. 
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Abstract 

Vacuum  ballistic  focusing  may  be  a  straightforward 
method  to  obtain  the  heavy  ion  beam  spot  size  necessary 
to  drive  an  inertial  confinement  fusion  target.  Proper 
scaling  of  particle  energy,  mass,  beam  current,  beam 
emittance,  and  magnetic  field  replicates  the  dynamics  of  a 
full  driver  beam  in  a  small  laboratory  experiment.  By 
expanding  the  beam  and  then  focusing  to  a  very  small 
spot,  the  effects  of  aberrations  and  space  charge  on  this 
method  of  final  focus  can  be  studied.  To  date,  200  |iA  of 
120keV  K+  has  been  focused  to  test  the  matching  and 
focusing  elements.  A  recently  designed  high  brightness 
contact  ionization  source  is  being  tested  for  upcoming 
focusing  measurements  with  an  87  (lA  Cs  beam  that  will 
duplicate  the  dynamics  of  a  proposed  driver  design  at  one- 
tenth  scale.  Transverse  phase  space  and  beam  current 
density  at  various  stages  of  the  focus  will  be  presented. 
Follow-on  measurements  studying  electron  neutralization 
of  space  charge  and  its  effect  on  the  focus  will  be 
explored. 

1  BACKGROUND  AND  MOTIVATION 

There  are  several  important  challenges  associated  with  the 
final  focus  system  design  in  a  heavy  ion  fusion  (HIF) 
driver.  A  combination  of  target  design  and  the 
performance  of  the  final  focusing  section  determine  the 
emittance  budget  for  the  accelerator.  Additionally,  for 
many  accelerator  designs  there  is  a  lower  limit  of 
approximately  10  GeV  for  the  ion  kinetic  energy  in  an  un¬ 
neutralized  vacuum  focus  scenario  [1].  This  statement  is 
troublesome  when  considering  the  economic  expense  of 
achieving  high  ion  kinetic  energy  in  an  induction 
accelerator.  Combined  with  the  limitations  of  current 
fusion  target  requirements,  this  indicates  a  need  for  a 
detailed  experimental  study  of  final  focus  performance. 

Proper  scaling  of  the  terms  in  the  beam  envelope 
equation  that  relate  particle  energy  and  mass,  beam 
current,  emittance,  and  focusing  field  replicates  the 
dynamics  of  a  full  driver  beam  in  a  small  laboratory  beam. 
The  experiment  can  be  scaled  to  reproduce  the  beam 
conditions  in  a  full-scale  driver,  including  aberrations 
from  the  focusing  elements  and  the  longitudinal 
momentum  spread.  In  addition  to  partial  neutralization 
from  the  reactor  chamber  gas  and  secondary  electrons  from 
beam  target  interactions,  current  reactor  scenarios  include 
deliberate  methods  for  reducing  the  perveance  of  the  beams 


incident  on  the  HIF  target.  Controlled  neutralization  of 
the  experimental  beam  may  be  used  to  explore  proposed 
methods  to  bring  higher  perveance  beams  to  a  small  focal 
spot.  These  additional  effects,  which  are  very  difficult  to 
model  accurately  in  simulations,  must  be  studied  closely 
in  order  to  advance  a  valid  design  for  the  final  focus 
subsystem. 

2  DESCRIPTION  OF  THE 
EXPERIMENT 

A  Scaled  Final  Focus  Experiment  has  been  built  at 
Lawrence  Berkeley  National  Laboratory  to  investigate  the 
ballistic  focus  of  a  heavy  ion  beam  using  a  series  of 
pulsed  magnetic  quadruples.  The  final  focus  system 
designed  by  H.  Wollnik  for  the  HIBALL  II  study  [2]  used 
10  GeV  Bi+  and  has  been  experimentally  reproduced  with 
160  keV  Cs+  at  a  one-tenth  scale.  Accordingly,  the  beam 
current  is  scaled  from  1.25  kA  to  87|iA.  The  beam  is 
apertured  and  matched  to  the  entrance  of  the  final  focus 
section  in  a  1.5-meter  lattice  of  ten  electrostatic 
quadrupoles.  The  magnetic  focusing  section  is  8.2  meters 
long,  including  initial  and  final  drifts.  The  middle  drift 
between  the  third  and  fourth  magnetic  quadrupoles  has 
been  shortened  with  respect  to  the  HIBALL  II  design  as 
the  bending  magnets  that  allow  for  the  neutron  dump  are 
not  included. 

A  schematic  of  the  experiment  along  with  the  beam 
envelope  is  shown  in  Figure  1.  The  upper  part  of  the 
figure  contains  a  to-scale  drawing  of  the  vacuum  system 
with  electrostatic  quadrupoles  in  pink  and  magnetic 
quadrupoles  in  green.  The  lower  part  is  a  schematic  of  the 
horizontal  (red)  and  vertical  (blue)  beam  envelope  with  the 
transverse  scale  exaggerated.  The  dashed  lines  represent 
the  locations  of  the  diagnostic  probes,  and  the  solid  black 
line  represents  the  aperture  location. 

The  source  for  the  Cs+  ion  beam  is  a  sintered  iridium 
emitter  that  can  be  replenished  with  Cs  atoms  using  an 
aqueous  Cs2C03  solution.  A  method  for  replenishing  the 
emitter  under  vacuum  using  a  Cs  vapor  feed  is  currently 
being  investigated.  The  emitter  sits  in  a  diode  with  a 
Pierce  cathode  geometry  that  extracts  8  mA/cm2  Cs+  when 
pulsed  at  160  kV.  The  design  and  performance  of  the 
source  are  discussed  in  detail  elsewhere  in  these 
proceedings  [3], 
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Figure  1 :  Experimental  layout  and  beam  envelopes. 


Upon  exit  from  the  diode,  6.3  mA  of  Cs+  is  transported 
through  the  first  set  of  five  electrostatic  quadrupoles  to  an 
aperture  plate.  A  3-mm  diameter  aperture  passes  87pA  of 
beam  into  the  second  set  of  five  quadrupoles,  which  allow 
the  beam  to  expand  and  then  give  it  an  overall 
convergence  of  a  few  milliradians  in  both  transverse 
directions  for  the  drift  into  the  magnetic  section.  Hie 
final  focus  lattice  consists  of  six  pulsed  magnetic 
quadrupoles,  each  with  two  layers  of  copper  windings  in  a 
cos20  distribution  on  cylindrical  shells.  Several  of  the 
magnets  are  pictured  in  Figure  2,  and  their  properties  are 
summarized  in  Table  1.  The  beam  leaves  the  sixth 
magnetic  quadrupole  with  a  converging  (-9  mr)  envelope 
angle  and  reaches  its  focal  point  approximately  80  cm 
from  the  last  magnet. 


Magnet 

Effective  length  (cm) 

Pole  Tip  Field  (gauss) 

QM1 

40.0 

310 

QM2 

40.0 

596 

QM3 

40.0 

346 

QM4 

40.0 

402 

QM5 

71.7 

440 

QM6 

35.1 

665 

Table  1:  Magnetic  quadrupole  properties 


The  beam  is  diagnosed  in  several  locations  that  are 
indicated  by  the  dashed  lines  in  Figure  1.  The  slit 
scanners  are  arranged  in  pairs  and  can  be  used  together  to 
measure  the  phase  space  distribution,  or  to  measure  the 
transverse  profiles.  Orthogonal  slits  are  used  together  to 
create  transverse,  time-resolved  current  density  of  the 
beam.  There  are  also  two  deep  Faraday  cups  to  measure 
the  total  ion  current:  One  is  after  the  sixth  electrostatic 
quadrupole.  The  other  is  at  the  focus,  where  beam  profiles 
are  also  measured  with  a  moveable  single-slit.  Data 
acquisition  is  automated  using  LabView™  software. 


Figure  2:  Magnetic  quadrupoles  and  winding  rig 


3  RECENT  DATA 

Thus  far,  a  0.86-mm  radius  focal  spot  has  been  achieved 
with  a  200-pA  beam  of  120  keV  K+  ions  from  an 
aluminosilicate  source  that  had  been  used  in  experiments 
several  years  ago.  Figure  3  shows  the  beam  profile 
measured  with  a  single  50p  slit  at  the  focus  as  a  function 
of  the  duration  of  the  pulse.  At  each  time  slice,  the  data 
are  well  represented  by  two  Gaussian  curves,  one  broad 
with  low  amplitude,  and  another  narrower  with  larger 
amplitude.  The  widths  of  these  Gaussians  are  plotted  in 
the  lower  half  of  the  figure. 

The  size  of  the  focus  compares  very  well  with  the 
calculated  value  (0.88  mm)  of  for  the  minimum  of  the 
beam  envelope.  This  value  was  obtained  by  integrating 
the  envelope  equation  from  the  exit  of  the  last  magnet  to 
the  focus  using  the  measured  beam  emittance  and 
convergence  angle.  For  the  calculation,  the  beam  current 
corresponding  to  the  core  Gaussian  (142  (lA)  was  used. 

As  the  full  10-mA  beam  from  the  K+  source  was  highly 
non-uniform,  it  was  not  expected  that  the  apertured  beam 
would  be  perfectly  uniform.  In  fact,  current  density  and 
phase  space  measurements  made  of  the  apertured  beam  80 
cm  from  the  aperture  demonstrate  this  non-uniformity. 
The  lower  amplitude  Gaussian  represents  a  beam  halo 
most  likely  resulting  from  the  non  uniformity  of  the 
current  distribution  emerging  from  the  aperture.  The  high 
degree  of  uniformity  from  the  newly  tested  sintered 
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iridium  source  will  remove  this  possible  aberration  from 
the  focal  spot  measurement  [3], 


The  time  dependence  of  the  beam  pulse  shows  a 
monotonic  decreaseof  the  spot  radius  from  the  to  the  end. 
The  measurement  was  made  with  a  steel  diagnostic  slit 
that  intercepted  the  beam  just  upstream  of  a  Faraday  cup. 
This  time  dependenteffectis  most  likely  due  to  secondary 
electrons  producedby  the  unbiased  slit  paddle  neutralizing 
the  incident  beam.  The  decrease  to  0.74-mm  radius  is 
consistent  with  a  42%  neutralization  of  the  space  charge. 
A  diagnostic  probe  that  includes  secondary-electron 
suppression  and  is  capable  of  three-axis  motion  is 
currently  being  manufactured. 

4  FUTURE  PLANS 

Once  the  aperturedCs+  beam  is  brought  to  a  focus,  the 
next  step  in  the  evaluation  of  the  HIBALL-IIstudy  will  be 
to  match  the  emittance  of  the  experiment  to  the 
corresponding  scaled  value  of  3n  mm  mr.  This  may  be 
done  with  the  use  of  an  emittance-spoiling  grid  at  the 
diode  exit,  or  possibly  with  a  poor  match  in  the 
electrostatic  section.  A  comparison  of  the  measured  spot 
size  with  the  study’s  results  can  then  be  made. 

An  effort  to  simulate  the  experiment  with  a  3-D  PIC 
code  is  currently  underway.  The  quadrupoleend  fields  of 
the  magnets  will  be  included  in  the  PIC  simulations  in 
orderto  make  comparisons  with  the  measured  phase  space 
and  the  focal  spot  profiles. 

Beyond  this,  there  are  two  more  studies  that  will  be 
carriedout  in  the  near  future.  First,  there  is  the  question 


of  chromatic  aberrations  caused  by  the  magnets  due  to 
deviations  from  the  design  longitudinal  momentum.  This 
effect  can  be  studied  by  ddiberately  detuning  the  magnetic 
quadrupole  fields  to  alter  the  forces  on  the  particles, 
simulating  a  deviation  in  their  longitudinal  momentum 
from  the  referencevalue.  Measurements  of  the  resulting 
effect  on  the  focal  spot  could  then  be  compared  directly 
with  simulation. 

Second,  the  possibility  of  reducing  the  focal  spot  size 
by  partially  neutralizing  the  beam  with  electrons  can  be 
examined.  Due  to  the  brightness  of  the  beam,  a  larger 
aperture  may  be  used  in  the  electrostatic  section  to  allow 
approximately  400|lA  of  beam  into  the  final  focus  lattice. 
Increasing  the  beam  perveance  by  a  factor  of  four  while 
only  doubling  the  emittance  moves  the  focus  into  a 
regime  that  is  highly  space  charge  dominated  with  a  focal 
spot  radius  of  several  millimeters  for  a  completely  un¬ 
neutralized  beam.  A  high  transparency  grid  inserted  in  the 
beam  path  immediately  following  the  last  magnet  could 
produceenough  secondary  electrons  to  have  a  considerable 
and  easily  measurable  effect  on  the  beam  spot  size.  This 
experimental  measurement  could  then  be  compared  with  a 
separate  measurement  of  the  fractional  current 
neutralization  as  well  as  the  PIC  simulation  results. 
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Abstract 

This  paper  describes  the  problem  of  ion  RF  focusing  in 
the  axisymmetric  RF  field  involving  one  synchronous  and 
several  nonsynchronous  harmonics.  The  influence  of 
nonsynchronous  harmonics  on  ion  beam  dynamics  is 
studied  by  means  of  3D  effective  potential,  which  is 
obtained  for  smooth  approximation.  The  motion  equation 
is  presented  in  Hamilton’s  form.  The  possibility  of 
simultaneous  transverse  focusing  and  phase  stability  for 
accelerating  ion  beam  in  the  RF  field  without  the 
synchronous  harmonic  is  shown. 

1  INTRODUCTION 

It  is  known,  that  in  order  to  achieve  simultaneous 
transverse  focusing  and  phase  stability  for  the  accelerating 
ion  beam  in  linac  it  is  necessary  to  use  external  focusing 
elements  or  to  apply  a  special  configuration  of  the  RF 
field.  The  second  way  is  more  effective  for  low  energy  ion 
RF  accelerators  .  In  papers  [1-3]  it  was  shown  that  the  RF 
system  with  several  traveling  waves,  one  being 
synchronous  with  the  beam  may  provide  simultaneously 
acceleration  and  focusing  of  ions.  The  systems  with 
infinite  numbers  of  harmonics  were  investigated 
numerically  [4].  Besides,  it  was  shown  that  the  required 
effect  can  be  achieved  in  the  undulator  accelerators, 
where  the  synchronous  harmonic  is  absent  [5].  In  this 
paper  the  method  of  analysis  of  3-D  beam  dynamics  in  the 
polyharmonic  RF  field  of  linac  is  suggested.  For  this 
purpose  the  averaging  method  is  used.  In  such  approach 
the  motion  equation  has  the  Hamilton’s  form.  It  allows  us 
to  take  into  account  the  relationship  between  transverse 
and  longitudinal  oscillations.  The  shape  of  the  effective 
potential  obtained  describes  the  3D  motion  of  the  particle 
completely. 


2  MOTION  EQUATION 

The  RF  field  in  the  periodical  structure  can  be  presented 
in  the  form 

Ez=^Enz  cos(  hn  z  )cos(  G)t ), 

"1°  (D 

Er=^Enr  sin( hnz )cos( (Dt ), 

n-0 

where  E„*  =  EnI0(hnr  ) ,  EJ  =  EnI ,(hnr), 
hn  —h0+  2nn  /  D  ,  h0D~ a  phase  advance  per  period 
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of  structure  D.  Trajectories  of  particles  in  the  field  (1) 
may  be  expressed  by  the  summation  of  two  different  types 
of  motion  rs  and  7  ,  which  are  caused  by  slowly  varying 


field  and  the  rapidly  oscillating  one  respectively.  By 
means  of  averaging  method  the  motion  equation  for  slow 
component  can  be  obtained  in  the  form 

d2R  d 


dx2  dR Ueff 


(2) 


where  U eff  =  U0+U,+U2+U3  is  the  effective 


potential  function: 


U0  =^esz  siny  ■ 


U2 


1  y  en  ep  e n  ep 

16  AV 

n+p=2s 


cos( 2\\r)  (3) 


v  =±y  laOi 

U3  ia2JA- 


16  p*s  A  s,p 


cos(2\\f  ), 


h  —h 

p  n 


~  2hs. 


Here  en  =  ehsE„  / mco2 .  e"  »  ej„,(h,r), 
R=2w,/H?,„  t  =  <*,  A J=(h.±h,)/k„ 

\jf  and  pj  —are  phase  and  velocity  of  synchronous 
particle  and  s  is  synchronous  harmonic’s  number.  In  the 
following  the  variable  X  =  Z-  ~  Zs  and  r  will  be  used  as 
a  longitudinal  and  transverse  variable  respectively.  The 
effective  potential  function  U ^  describes  particle 

dynamics  in  the  RF  field  in  smooth  approximation 
completely.  The  result  is  that  the  equation  (2)  is  presented 
in  Hamilton’s  form.  The  function  U eg  connects 

longitudinal  and  transverse  motions  of  ion  and  allows  us 
to  investigate  their  influence  on  each  other.  The  first 
summand  U 0  describes  the  interaction  between  particle 
and  synchronous  wave,  the  second  one  JJ }  defines  the 
focusing  action  of  nonsynchronous  harmonics.  The 
functions  U 2  3  are  mixed  terms,  which  are  describing  the 

influence  of  nonsynchronous  waves  both  on  transverse 
and  longitudinal  dynamics.  Simultaneously  radial  and 
phase  stability  takes  place  when  the  function  U ^  has  an 

absolute  minimum.  This  is  possible  when  some  conditions 
on  amplitudes  and  phase  of  harmonic  are  satisfied. 
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3  SYNCHRONOUS  AND  ONE 
NONSYNCHRONOUS  HARMONICS 

For  two  harmonics  s  and  n  the  item  U 2  =  0  .  Let’s  define 
the  frequencies  of  radial  and  phase  oscillations  as 


(dr(r)  = 


jdU 


eff 


©  Jx)= 


1  du 


eff 


The 


r  dr  z  %  fy 

conditions  of  transverse  and  longitudinal  stability  are 

(Dr2  >0,  (Dz2  >0  (4) 

Then  in  the  linear  approximation 
(Or2(0)  =  (Or02  +  (0r]2  cos( 2\\l ), 

(dz2(0)  =  (Qz02  +(£>zl2  cos(2\\f ),  where  C0rz;  are 


defined  by  term  U 3  : 


3  e . 


0) 


rO 


-4e-Sm'¥+W^ 


+—e‘ 

32  n 


1  1 
+ 


s,s 

vhy 


-  2 


{ A  s/  A~s.n 


S  / 


2  1  esen  K  +h_  +hnhK 

m  2  = - £-2 - 2 - 4 - 2-L  /5\ 

^rl  is  a-  2  1  2 


16  A  sn 


=~essiny,  (aj  = 


K2 

1  e.e„ 


2 


It  can  be  seen  from  (4),  (5)  that  the  larger  the  ratio 
en  /  es ,  the  more  effective  transverse  focusing  is. 
Besides,  this  focusing  is  stronger  when  s  <n,  i.e.  the 
acceleration  wave  is  faster  than  the  focusing  one.  The 
simple  analysis  shows  that  for  the  case  en  /  es  »  1 


impact  of  the  term  U 3  is  unessential  and  (0  rzl  can  be 
neglected.  In  the  following  we  will  assume  en  =  emax , 
es  =  kemax ,  where  k  <  1  and  emax  is  defined  by  the 

breakdown  voltage.  The  critical  value  of  k  can  be  found 
from  (4).  The  overlapping  of  the  phase  stability  buckets  of 
neighboring  harmonics  is  undesirable.  Thus,  the 
parameter  emax  is  also  bounded  above: 

-J2ejl2(l  +  k"\jvj< 

The  function  U allows  us  to  take  into  account  the 

relationship  between  radial  and  phase  oscillations 
accurately.  In  the  simplest  approach  [7],  considering  the 
longitudinal  oscillations  to  be  in  the  form 
X  =  <&sin(  (0ZT),  we  can  obtain  from  (2)  the  equation 
of  the  transverse  motion  as 

d2r  /  du2  +tz2(  a +2q  sin  2nu)r  =  0  with 


a  =  [2(j}r(0)/d>z(0)]2  ,  q  =  ®ctg\\f  ;  O  is  the 

amplitude  of  longitudinal  oscillations.  Then  the  condition 
of  resonance  is 


2(dr(0 )/ cnJO )  =  l ,  /=i,2,3, ...  (7) 

The  zone  of  instability  corresponds  to  each  /  in  (7).  The 
conditions  (4),  (6),  (7)  formulate  the  restrictions  on 
amplitudes  of  harmonics.  The  diagram  of  stability 
including  only  conditions  (4)  and  (7)  is  shown  in  Figure  1. 
In  order  to  investigate  the  dependence  of  transverse 
frequency  and/or  transverse  emittance  on  harmonic’s 
numbers  one  can  fix  the  parameters  emax ,  k ,  \JI  (i.e.  fix 
the  CDZ  and/or  the  longitudinal  emitance)  and  calculate 
the  value  of  (0r  for  different  s ,  n  and  h0 .  This  analysis 
was  done  for  the  proton  acceleration  system  with 
E max  =10°  kV/cm,  k=0.15,  \f=n/4,  =0.015, 

X=200cm.  The  most  effective  transverse  focusing  is 
provided  by  the  system  with  s=  2,  n=  3  for  h0=  0  and 
5=0,  n  =1  for  h0  =  TZ  /  D  .  Besides,  the  radial  focusing 
is  more  effective  for  the  systems  with  S  <  n . 


Figure  1:  The  transverse  stability  and  the  zones  of 
parametric  resonance 

4  SYNCHRONOUS  AND  TWO 
NONSYNCHRONOUS  HARMONICS 

Let’s  add  one  more  nonsynchronous  harmonic  with 
number  p  to  the  RF  field  discussed  above.  In  this  case 
summands  U2  and  U 3  can  be  not  equal  to  0.  These 
terms  render  acceleration  and  defocusing  influence  on 
particle  motion.  Here  the  items  U23  are  of  the  same 

order  as  C/;  so  it  is  necessary  to  take  them  into  account. 
The  analysis  of  influence  of  the  summands  U2  3  shows 
that  these  terms  deform  the  shape  of  U eff  significantly. 

So  the  phase  capture  is  reduced  considerably.  At  the  same 
time,  the  contribution  of  the  items  U 2  3  into  the 

acceleration  gradient  can  exceed  the  contribution  of  U 0 
in  several  times.  It  means,  that  such  system  may  turn  out 
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to  be  effective  for  acceleration  of  the  bunched  beam.  The 
transverse  emittance  and/or  C0r  is  determined  by  the  ratio 
between  terms  U ,  and  U23.  Figure  2  shows  C0^( r ) 

for  different  combinations  s,  n,  p.  The  parameters  of  the 
system  are  the  same  as  those  discussed  above;  k=0.3, 
e p  =  emax .  The  most  effective  transverse  focusing  is 

provided  by  the  system  with  s  =2,  n  =1,  p=  3  and  h0=  0. 


Figure  2:  The  dependence  of  transverse  frequency  on  the 
radius 

1 — {s=0,  n=l,  p=2 } ;  2 — {s=l,  n=0,  p=2};  3 — {s=2,  n=l, 
p=3};  h0  =  K  /  D.  4 — {s=2,  n=l,  p=3};  hg  =0. 

5  TWO  NONSYNCHRONOUS 
HARMONICS 

The  conclusion  about  the  influence  of  nonsynchronous 
waves  on  longitudinal  dynamics  of  the  beam  becomes 
even  more  convincing  if  in  the  RF  system,  discussed  in 
the  previous  chapter  the  synchronous  harmonic  is  absent. 


Table  1:  The  comparison  of  different  acceleration  systems 


e  & 0 

s,n  ^  v 

6  0 
s.n.p  r  v 

S=l, 

1  n=2, 

p=0, 

G)r=0.13 

CDZ=0.17 

T=0.75 

GO,.  =0.10 
(Dz=0.24 
T=1.19 

CDr=0.16 

CD  =0.17 

T=l.l 

s=2, 

2  n=3, 

p=l 

G)r=0.18 

G>z=0.17 

T=0.75 

©,.=0.16 

CD  z  =0.29 
T=2.7 

CO,  =0.19 
C0Z=0.23 
T=1.96 

T  =  dWs/dzs,  MeV/m;  1:  h0  =  TZ  /  D  \2:  ho=0 


One  can  see  that  acceleration  and  transverse  focusing 
in  the  RF  field  without  synchronous  harmonic  is  possible. 
Moreover,  such  system  may  be  more  effective  than  the 
standard  one  with  synchronous  and  one  nonsynchronous 
waves. 

6  COMPUTER  SIMULATION 

In  order  to  test  all  the  results  obtained  the  computer 
simulation  was  done.  The  motion  equation  in  the  field  (1) 
was  solved  numerically  for  all  the  acceleration  systems 
discussed.  It  was  shown  that  the  averaging  method  allows 
us  to  describe  the  behavior  of  the  beam  correctly.  The 
range  of  velocities  where  the  investigation  of  the  beam 
dynamics  by  means  of  effective  potential  function  U ^  is 

completely  valid  is  bounded  below.  For  instance,  in  the 
case  of  protons  >  0.005 . 

7  CONCLUSION 

The  method  of  analysis  of  the  ion  beam’s  dynamics  in  the 
polyharmonic  RF  field  is  suggested.  The  RF  system  with 
synchronous  and  one  nonsynchronous  harmonics  is 
investigated  completely.  The  conditions  of  stability  are 
obtained.  The  features  of  the  acceleration  system  with  two 
nonsynchronous  waves  are  shown.  The  possibility  of 
simultaneous  longitudinal  and  transverse  focusing  of  the 
beam  in  the  field  without  synchronous  harmonic  is 
exhibited.  The  comparison  of  the  acceleration  system 
discussed  is  done.  All  results  are  tested  by  computer 
simulation  of  beam  dynamics  in  the  RF  field. 
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In  this  case  the  influence  of  focusing  term  U ,  and 
accelerating  ones  U 23  may  turn  out  to  be  sufficient  to 

create  3D  potential  well  in  which  radial  and  phase 
oscillations  are  stable.  Besides,  the  conditions  similar  to 
(6)  and  (7)  can  be  obtained.  The  comparison  of 
characteristics  of  different  acceleration  systems  are  shown 
in  Table  1.  The  parameters  of  the  system  are  the  same  as 
those  discussed  above,  \|/=Jt/3. 
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3D  MODELING  OF  ION  RIBBON  BEAM  FOCUSING  AND 
ACCELERATION  IN  UNDULATOR  LINAC 

E.S.  Masunov* .  S.M.  Polozov,  A.S.  Roshal,  MEPHI,  RUSSIA 


Abstract 

One  of  the  possible  versions  of  undulator  linear 
accelerator  (UNDULAC-E)  using  a  ribbon  beam  is 
discussed.  The  computer  3D  simulation  of  the  beam 
dynamics  is  fulfilled.  The  possibility  of  simultaneous 
acceleration  of  both  positive  and  negative  ions  in 
undulator  linac  is  shown.  The  influence  of  the 
fundamental  and  higher  space  harmonics  of  the  RF  field 
on  ion  ribbon  beam  dynamics  in  UNDULAC-E  is 
analyzed.  The  optimal  parameters  of  the  accelerator  are 
calculated  in  order  to  reach  the  higher  transmission. 
Simulation  results  are  presented. 

1  INTRODUCTION 

Earlier  the  idea  to  apply  a  combination  of  a  plane 
electrostatic  undulator  and  radio  frequency  fields  for 
acceleration  and  focusing  of  intense  ion  beams  with  low 
injection  energy  was  suggested  and  theoretically 
investigated  in  [1].  The  current  in  such  undulator  linac 
(UNDULAC-E)  can  be  increased  by  using  a  ribbon  beam 
[2].  One  of  the  possible  versions  of  UNDULAC-E  with 
the  ribbon  beam  was  discussed  in  [3],  It  was  shown  that 
the  focusing  force  is  normal  to  the  plane  surface  of  the 
ribbon  beam.  The  beam  focusing  in  another  transverse 
direction  can  be  created  by  a  nonuniform  distribution  of 
the  undulator  field  along  the  ribbon  width  (Fig.  1).  In  [4] 
there  was  suggested  to  change  the  form  of  electrodes  for 
two-dimensional  transverse  beam  focusing.  Using  the 
smooth  approximation  method  it  was  found  the  electrodes 
shape  and  the  amplitudes  of  the  undulator  and  RF  fields 
for  beam  focusing. 

The  other  factor  limiting  the  beam  intensity  in  the 
undulator  linac  is  a  space  charge  force.  The  influence  of 
the  space  charge  effects  on  the  ribbon  beam  focusing  was 
investigated  in  [4].  The  computer  simulation  of  ion 
dynamics  in  the  undulator,  RF  and  self-consistent 
Coulomb  fields  was  done  by  some  approximations.  The 
most  important  of  it  was  the  assumption  that  all  ions  had 
the  same  axial  velocity  as  the  synchronous  particle  and  its 
spread  was  neglected.  The  initial  transverse  velocities  was 
supposed  to  be  normally  distributed  with  relatively  small 
standard  deviation.  This  crude  method  is  good  for 
bunched  beam  when  the  coupling  resonance  is  absent.  It 
was  shown  that  the  electrostatic  shielding  of  the  space 
charge  field  decreases  Coulomb  defocusing  of  the 
particles  in  the  narrow  accelerating  channel.  The  results  of 
the  simulation  for  intense  ion  beam  dynamics 
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demonstrated  the  possibility  to  accelerate  the  high  current 
beam  in  UNDULAC-E. 

The  other  important  way  for  increasing  of  the  beam 
intensity  is  using  the  space  charge  compensation  [1,5].  In 
the  UNDULAC  the  accelerating  force  does  not  depend  on 
a  sign  of  the  particle  charge  and  the  averaged  motion  of 
the  positive  and  the  negative  charges  are  identical.  The 
eT  and  ions  will  be  inside  the  same  separatrix 
(bunch)  and  the  current  limit  of  the  ion  beam  can  be 
substantially  increased.  Space  charge  compensation  effect 
can  be  disturbed  if  the  transverse  emittance  has  been 
changing  asymmetrical  for  eZ*  and  eZ~  and  halo 
phenomenon  has  been  forming.  In  this  paper  the  behavior 
of  transverse  and  longitudinal  dynamics  are  investigated 
in  nonlinear  RF  and  undulator  fields. 

2  SMOOTH  APPROXIMATION  FOR 
MOTION  EQUATION 

At  first  let  us  consider  the  ions  3D  dynamics  in  the  RF 
and  the  undulator  fields  using  the  smooth  approximation. 
In  the  periodic  structure  the  RF  potential  Uv  and  the 
electrostatic  periodic  potential  U0  are  delivered  to  the 
same  electrodes  (Fig.l.).  The  both  potentials  can  be 
represented  as  the  sum  of  the  space  harmonics: 

Uv=-(^0>(y)+^v2n>  ( x,y)cos(4mj  dz/ D))sin(ot  •> 

n-l 

u  0  x,y  )cos(2mjdz/ £>)>  0) 

n~! 

where  0>(onJ( x,y)  =  Q>(0nJ  cosh( nkxx )sinh( nkyy  ), 
D  is  the  undulator  field  z-depended  period. 
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Figure  1 :  Cross  section  of  the  accelerator  system. 

The  fundamental  and  the  higher  space  harmonics  of  the 
RF  and  the  undulator  fields  are  nonsynchronous  with  the 
beam.  The  mechanism  of  the  acceleration  and  the 
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focusing  is  produced  by  a  combined  wave  field,  resulted 
from  a  superposition  of  the  first  space  harmonic  of  the 
undulator  field  and  the  zero  space  harmonic  of  the 
transverse  RF  field.  The  interaction  of  the  accelerated 
particle  with  the  nonsynchronous  harmonics  fields  can  be 
analyzed  by  averaging  method.  In  accordance  with  that, 
the  trajectory  of  a  ion  may  be  represented  as  a 
combination  of  rapidly  oscillations  r(t)  and  slow  variation 
R(t).  After  the  procedure  of  averaging  over  rapidly 
oscillations  one  can  derive  the  expression  for  effective 
potential  function  Ueff  describing  the  averaged  particle 
motion  [1,4].  Using  this  effective  potential  Ueff  the 
equation  for  the  synchronous  particle  velocity  $5=v/c  can 
be  written  as 


dfc  3e2Z2  E{0n  -E\0> 


m2c4 


■cos  cp. 


(2) 


dz  4n 

where  Eaa>  and  Ej0>  are  the  amplitudes  of  the  first 
undulator  field  harmonic  and  the  zero  RF  field  harmonic 
2%  r  dz 

and  <p  =  -^—J  — - (Of  +  o  is  the  particle  phase  in  the 


combined  wave. 

The  efficient  capture  and  bunching  of  the  beam  can  be 
obtained  by  the  adiabatic  growth  of  the  amplitudes  E„  and 
Ev  along  the  longitudinal  axis  and  the  corresponding 
increase  of  undulator  period  D= fl/A.  to  maintain  the  beam 
synchronism  with  the  combined  wave  field.  The  choice  of 
the  function  E„  and  Ev  is  not  arbitrary  because 
simultaneously  with  acceleration  it  is  necessary  to  keep  up 
the  transverse  focusing  of  the  beam.  The  analysis  of  the 
transverse  beam  dynamics  by  means  of  U€ff  shows  that  the 
focusing  along  y  direction  is  possible  if  2£0>£vsin<p  and 
the  focusing  along  jc  direction  is  possible  if  £0>£vsincp 
The  accurate  analysis  of  beam  3D  dynamics  in 
UNDULAC  can  be  made  only  by  numerical  simulation. 


3  BEAM  DYNAMICS  IN  UNDULAC 

We  are  discussed  UNDULAC  design  for  deuterium  ions 
D~  and  D+.  The  UNDULAC  consists  of  the  gentle 
buncher  (GB)  and  acceleration  area.  The  transverse  sizes 
of  the  channel  2a= 0.8  cm,  2b-20  cm.  Computer 
simulation  of  two  component  ion  beam,  consisting  of  D~ 
and  D+  was  carried  out  by  a  macroparticle  method.  The 
input  characteristics  of  D~  and  D+  are  identical.  The 
ribbon  beam  had  the  input  thickness  2t= 0.5  cm  and  the 
input  width  2/=11.5  cm.  The  input  transverse  velocity  has 
deviation  a=0.01.The  input/output  energy  are  respectively 
150  keV/1  MeV  and  the  operating  frequency  is  set  at  200 
MHz.  The  amplitude  of  RF  field  £„<240kV/cm.  In  the 
buncher  the  fundamental  harmonic  amplitudes  of  RF  and 
undulator  fields  were  gradually  grown  as 
sir\[n(z+Zo)/2(zo+Lf)]  when  0<  z<  Lf.  The  synchronous 
phase  <ps  was  linearly  decreased  from  jt/2  to  rc/4  when  0< 
z<  Lp.  In  the  acceleration  area  Eo  v  and  (ps  are  constant. 
The  dynamics  has  been  calculated  by  using  these 
parameters  to  reach  the  higher  transmission.  For  the  basic 


variant  £„=£„=  150  kV/cm,  the  length  of  the  accelerator 
L=  2.5  m. 

The  numerical  simulation  shows  that  the  beam  capture 
and  the  transmission  depend  on  the  choice  of  and  Lf. 
The  transmission  coefficient  K  increases  from  0.74  to  0.9 
when  L,f  and  Lf  are  enhanced  from  40  to  100  cm  but  the 
acceleration  gradient  decreases.  Some  results  for  K  and 
the  output  energy  W  are  listed  in  Table  1. 

Table  1. 
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Figure  2:  Transmission  coefficient  K  versus  field 
parameters. 

The  modeling  shows  that  the  input  transverse  RF  field 
amplitude  Ein  must  be  small  (Fig.  2,  curve  1).  The 
transmission  coefficient  £>0.8  if  0<Eir/Ev<0.22  and 
E0=EV.  Then  K  rapidly  decreases  if  Ein/Emtu>0.3.  The 
most  of  the  ions  losses  are  located  at  the  beginning  of  the 
GB  section.  These  losses  are  due  to  the  longitudinal 
dynamics  The  transverse  dynamics  and  the  focusing  effect 
depend  on  the  undulator  field  amplitude.  For  small  Ea 
focusing  is  absent  and  K  is  very  small  (Fig.  2,  curve  2). 
The  beam  transmission  rapidly  increases  when 
0.46<£/£v<0.5.  If  £/£v> 0.5  and  the  value  of  £„-£v  is 
given  constant  the  coefficient  K  has  the  limit  0.81  for 
Lf=0.15  m. 

The  next  figure  gives  simulation  results  for  two  cases: 

a)  £o=150  kV/cm,  £>150  kV/cm,  £/£>1.0; 

b)  £>125  kV/cm,  £v=180  kV/cm,  EJE^O.l. 
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All  output  characteristics  of  D+  and  D~  are  identical 
and  the  transverse  emittances  have  been  changing 
symmetric.  This  fact  illustrates  that  the  space  charge 
compensation  effect  is  preserved. 


z=0 


Figure  3:  Beam  cross-section  at  different  z;  density 
functions  of  output  energy  f(W)  and  output  phase  f(cp). 


dependence  of  K  on  the  EJEV  for  %=0.15  is  been  imaged 
in  Fig.  2,  curve  3.  The  limit  of  A=0.9  if  E0>EV  and 
Lf=0.75m.  The  transverse  emittances  for  D+  and  D~  are 
identical  too  and  the  space  charge  compensation  effect  is 
preserved. 


Figure  4:  Transmission  coefficient  K  versus 

5  CONCLUSION 

The  computer  3D  simulation  of  the  ribbon  beam  dynamics 
in  the  undulator  linac  is  fulfilled.  The  optimal  parameters 
of  the  UNDULAC  are  calculated.  A  preliminary  design 
leading  to  the  ion  beam  transmission  larger  than  90%  is 
presented.  The  possibility  of  simultaneous  acceleration  of 
D +  and  D~  ions  in  the  UNDULAC  is  shown.  It  is  proved 
that  space  overlapping  of  the  positively  and  negatively 
charged  ion  beams  allows  to  obtain  space  charge 
compensation.  Simulation  results  for  the  design  of  the 
undulator  linac  with  two  component  ion  beam  are 
presented. 
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4  INFLUENCE  OF  SECOND  SPACE 
HARMONIC  OF  RF  FIELD 

The  higher  space  harmonics  of  RF  and  undulator  fields 
may  influence  on  ion  ribbon  beam  dynamics  in 
UNDULAC.  Here  we  restrict  ourselves  by  the 
consideration  of  the  second  RF  harmonic.  Using  the 
smooth  approximation  the  new  effective  potential  U 

can  be  obtained.  The  shape  of  this  effective  potential 
deforms  significantly.  The  analysis  of  the  U shows  that 

the  phase  capture  and  the  acceleration  gradient  are 
increasing  in  this  case.  The  transmission  coefficient  K  has 
maximum  when  x=Ej2>/Evw>= 0.15  (Fig.  4).  The 
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A  Calculation  of  the  Dynamic  Aperture  of  the  LHC  at  Collision  *  t 


Norman  M.  Gelfand,  Fermilab,  Batavia,  IL 


Abstract 

The  dynamic  aperture  for  version  5.1,  with  a  300/zr  crossing 
angle  at  IP1  and  IP5,  of  the  Large  Hadron  Collider  (LHC) 
lattice  has  been  estimated  using  the  tracking  code  Tevlat. 
The  dynamic  aperture  calculated  here  is  due  to  the  mag¬ 
netic  field  errors  in  the  high  gradient  quadruples  (MQX) 
in  the  two  low-/?  interaction  regions  at  IR1  and  IR5.  No  er¬ 
rors  were  assigned  to  the  magnets  in  the  arc  regions  of  the 
lattice,  nor  were  beam-beam  effects  incorporated.  The  dy¬ 
namic  aperture  is  expressed  in  terms  of  the  a  of  the  beam 
corresponding  to  the  beam  emittance  of  3.75mm  mr.  With 
only  short  term  tracking,  the  combined  effect  of  the  mul¬ 
tipoles  and  the  crossing  angle  is  to  yield  an  average  (over 
multipole  coefficients  generated  with  100  different  seeds) 
dynamic  aperture  of  «  11.7  ±  1.2tr. 

1  INTRODUCTION 

It  is  necessary  with  any  new  lattice,  to  try  and  calculate  the 
emittance  of  the  beam  that  can  be  accepted  by  the  lattice  and 
to  verify  that  the  acceptance,  the  dynamic  aperture ,  is  large 
enough  for  the  intended  beam.  The  physical  aperture  of  the 
magnets,  of  course,  sets  the  absolute  upper  limit  to  the  dy¬ 
namic  aperture,  but  with  superconducting  magnets  the  dy¬ 
namic  aperture  is  typically  limited  by  the  high  order  multi¬ 
poles  (the  magnets  errors)  used  to  describe  the  field  of  the 
magnet. 

The  methodology  for  calculating  the  dynamic  aperture  is 
fairly  standard: 

•  Construct  a  computer  model  of  the  lattice; 

•  Adjust  the  tunes  and  chromaticites  with  the  arc 
quadruples  and  sextupoles  to  the  nominal  values; 

•  Introduce  the  magnetic  field  errors; 

•  Track  a  series  of  test  particles  for  a  given  number  of 
turns; 

•  Impose  an  aperture  limit  of  ±30mm;  and 

•  Calculate  the  emittance  of  the  test  particles  which  sur¬ 
vive  for  the  required  number  of  turns. 

While  well  defined,  this  procedure  can  only  give  an  upper 
limit  to  the  dynamic  aperture  since, 

•  The  model  of  the  lattice  is  an  approximation  to  the  true 
lattice  and  all  the  unknown  errors  which  exist  in  an  ac¬ 
tual  lattice  are  not  incorporated  in  to  the  model. 

•  Work  supported  by  the  U.S.  Department  of  Energy  under  contract  No. 
DE-AC02-76CH03000. 

t  Email:  gelfand@popgtw.foal.gov 


•  The  actual  magnet  errors  are  not  known  until  the  mag¬ 
nets  are  built  and  measured. 

•  A  particle  can  be  realistically  tracked  for  a  number  of 
turns  which  is  far  smaller  than  the  number  of  turns  it 
will  need  to  survive  in  the  actual  lattice. 

With  these  caveats,  results  are  presented  on  the  dynamic 
aperture  for  version  5.1  the  Large  Hadron  Collider  (LHC) 
lattice.  The  lattice  has  the  beams  crossing  at  IR1  and  IR5 
with  a  300/ur  full  crossing  angle.  At  IR1  the  crossing  angle 
is  vertical  and  at  IR5  horizontal.  Tracking  was  done  using 
the  code  TEVLAT  [1], 

The  lattice  has  regions  of  very  high-/?(«  4700m)  in  the 
inner  triplet  quadrupoles  (MQX),  in  which  the  beam  is  off 
axis,  which  generate  the  low-/?  at  the  interaction  points. 
The  corresponding  maximum  /?  in  the  arcs  is  only  «  180m. 
The  effect  of  magnetic  field  errors  increase  with  /?  so  it  is 
expected  that  the  errors  in  the  MQX  will  dominate  the  cal¬ 
culation  of  the  dynamic  aperture.  For  that  reason  only  the 
magnetic  field  errors  in  the  MQX  will  be  considered  and  in¬ 
corporated  into  this  calculation. 

2  MAGNET  ERRORS 

The  low-/?  insertions  at  each  IR  are  formed  by  a  quadru- 
pole  triplet  consisting  of  four  quadrupoles  [2].  Two  differ¬ 
ent  designs  of  the  coils  for  the  MQX  will  be  used  in  the 
LHC,  those  built  at  FERMILAB  and  those  built  at  KEK.  In 
the  model  the  outer  members  of  the  triplet  are  KEK  mag¬ 
nets  while  the  two  inner  magnets  are  from  FERMILAB.  The 
field  errors  for  each  are  expressed  in  terms  of  multipole  co¬ 
efficients  given  at  a  reference  radius  of  17mm.  The  values 
for  the  multipole  coefficients  are  given  in  Table  1  and  Table 
2. [3].  One  hundred  different  sets  of  multpole  errors  were 
generated  from  these  tables. 


Table  1 

FNAL  Reference  Harmonics  at  Collision.  (Version  2) 
Reference  radius=  17.0mm 
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Table  2 

KEK  Reference  Harmonics  at  Collision.  (Modified.) 
Reference  radius=  17.0mm 


3  METHOD  AND  RESULTS 

A  particle  was  launched  at  a  point  in  phase  space  (x,x'  = 
0),  (y,  y'  =  0).  For  each  value  of  a;,  which  ranged  from  x  = 
0  to  x  =  20  •  ax  [4]  in  steps  of  ax,  the  maximum  value  of 
y  was  found  where  the  particle  completed  1024  turns.  The 
stable  points,  from  the  hundred  sets  of  multipole  errors,  are 
plotted  in  Figure  1 . 

Dynomic  Aperture 

lhcv51aml 


18 


PEt/rrmtw 


Nomxm  C*fortd/Ftfrnllofc 


Figure  1:  Stable  Points  for  100  Different  Sets  of  Multipole 
Errors. 

It  is  apparent  that  the  dynamic  aperture  depends  on  the 
particular  values  of  the  multipole  coefficients.  That  is,  the 
size  of  the  random  component  of  the  multipoles  is  large 
enough  that  the  dynamic  aperture  can  change  by  a  signif¬ 
icant  factor  depending  on  the  value  in  a  given  magnet. 


In  order  to  provide  a  more  concise  representation  of  the 
dynamic  aperture,  (though  a  less  complete  one)  for  each  set 
of  the  multipoles  errors  ,  the  average  radius  of  the  stable 
points  was  computed.  The  results  are  histogrammed  in  Fig¬ 
ure  2  [5]. 

Average  Radius 
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Figure  2:  Distribution  of  the  Radius  for  the  Stable  Points 

The  average  dynamic  aperture,  that  is  the  average  of 
the  average  radius  for  the  100  distributions  is  11.7c  with 
a  width  of  «  1.2c.  Depending  on  the  set  of  multipoles 
found  in  the  actual  magnets  the  dynamic  aperture  could  be 
as  small  as  «  8c  or  as  large  as  «  14c. 

The  dynamic  aperture  also  depends  on  whether  the  ini¬ 
tial  displacement  was  primarily  along  x  or  along  y.  Fig¬ 
ure  3  plots  the  average  dynamic  aperture  as  a  function  of 
ex/{ex  +  ey)-  It  is  quite  clear  that  the  dynamic  aperture, 
when  a  particle  is  launched  along  the  y  direction,  is  smaller 
than  if  it  were  launched  along  the  x  direction. 

It  is  helpful  to  compute  the  dynamic  aperture  with  only 
some  of  the  multipoles  present.  Figure  4  shows  the  effect 
on  the  dynamic  aperture  when  the  highest  order  of  the  mul¬ 
tipoles  is  changed.  The  results  are  summarized  in  Table  3. 

If  it  were  possible  to  remove  the  &io  and  aio  multipole 
errors  from  the  magnets  we  would  gain  «  1.6c  in  the  dy¬ 
namic  aperture.  There  are  no  other  significant  improve¬ 
ments  until  we  remove  the  b§  and  a6  from  the  magnets. 

The  variance  of  the  distribution  of  the  dynamic  apertures 
decreases  when  the  octupole  contribution  to  the  magnetic 
field  is  removed.  The  octupole  moment  contributes  to  an 
amplitude  dependent  tune  shift.  A  smaller  random  octupole 
moment  would  reduce  the  spread  in  the  dynamic  aperture 
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Average  a  vs  £„/(e,  +  £,) 
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The  Effect  of  the  Systematic  Errors. 
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Figure  3:  Dynamic  Aperture  vs.  ex/(ex  +  ey) 

The  upper  and  lower  curves  are  the  maximum  and 
minimum  values  coming  from  the  different  sets  of  the 
moments. 

Table  3 

The  Effect  of  Removing  High  Order  Multipoles  on  the 
Dynamic  Aperture 
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Variance 

3 

10 

11.659 

1.181 

3 

9 

13.396 

1.551 

3 

8 

13.446 

1.533 

3 

7 

13.459 

1.518 

3 

6 

13.530 

1.554 

3 

5 

14.147 

1.272 

3 

4 

14.576 

1.032 
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seen  in  Figure  1  and  Figure  2. 

4  CONCLUSION 

This  is  the  first  use  of  Tevlat  for  calculations  on  the  LHC 
lattice,  though  it  has  been  used  extensively  with  other  lat¬ 
tices.  The  calculations  presented  here  utilize  100  different 
sets  of  multipole  error  coefficients,  a  factor  of  10  more  than 
calculations  reported  earlier.  The  large  variation  in  the  dy¬ 
namic  aperture,  including  tails  in  the  distribution,  makes  it 
important  to  do  calculations  with  a  large  number  of  sets  of 
multipole  coefficients  for  the  MQX.  This  variance  suggests 
a  need  to  monitor  the  random  component  of  the  magnet  er¬ 


Figure  4:  The  Variation  in  the  Dynamic  Aperture  with  the 
Order  of  the  Multipoles 

rors,  particularly  the  octupoles,  since  they  make  a  signifi¬ 
cant  contribution  to  the  computed  variance  in  the  dynamic 
aperture.  Non-linear  correctors  could  also  be  used  to  reduce 
the  variance. 

The  dynamic  aperture  appears  sensitive  to  the  highest  or¬ 
der  multipole  specified  in  the  reference  tables.  Tracking  has 
also  been  done  with  errors  in  all  magnets  derived  from  an 
earlier  version  of  the  Fermilab  error  table.  This  error  ta¬ 
ble  included  estimates  for  the  moments  up  to  614  and  044. 
Those  calculations  showed  a  decrease  in  the  dynamic  aper¬ 
ture  when  the  moments  beyond  610  were  included.  It  is  im¬ 
portant  to  check  that  the  dynamic  aperture  is  not  sensitive 
to  the  multipoles  which  will  be  present  in  the  magnets,  but 
because  they  are  not  specified,  are  not  included  in  the  cal¬ 
culations  described  here. 

5  REFERENCES 

[1]  A.  Russell,  private  communication. 

[2]  The  two  middle  magnets  are  used  as  a  single  optical  element. 

[3]  The  uncertainty  in  the  average  multipoles,  dbn  and  da„  were 
not  included  in  the  calculations. 

[4]  (7x  and  ay  are  defined  by  the  values  of  the  lattice  functions  at 
the  launch  point  and  the  normalized  invariant  emittance  of  the 
beam.  For  the  LHC  enx  =  eny  =  3.75mmmr. 

[5]  The  radius  of  a  stable  point  is  defined  as 

r  =  V(x/<Tx)2  +  (y/vy)2) 


2863 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


PARTICLE  DYNAMICS  IN  LOW-ENERGY  TRAVELLING-WAVE  LINACS 

J.M.Corstens,  A.F.J.Hammen,  J.I.M.  Botman 
Eindhoven  University  of  Technology,  Cyclotron  Laboratory, 
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Abstract 

In  this  paper,  we  present  the  particle  dynamics  in  low- 
energy  travelling-wave  linear  accelerators,  applying 
analytical  theory,  based  on  Hamiltonian  mechanics,  and 
numerical  simulations,  performed  by  commercially 
available  codes.  The  paper  is  an  extension  on  earlier 
work,  presented  at  EPAC’98.  Cylindrical  co-ordinates  are 
used  and  solenoid  magnetic  fields  are  incorporated.  The 
Hamiltonian  equations  of  motion  are  given  and  examples 
of  calculations  are  presented  and  compared  to  numerical 
simulations,  yielding  excellent  agreement  between  both 
approaches. 


1  INTRODUCTION 

At  the  Eindhoven  University  of  Technology,  a 
Hamiltonian  theory  of  particle  motion  of  accelerated 
electrons  in  standing-wave  RF  structures  has  been 
developed!  1  ].  However,  this  theory  was  only  valid  in 
principle  under  the  assumption  that  the  particle  velocity 
equals  the  phase  velocity  of  the  main  accelerating  wave. 
This  condition  is  not  fulfilled  in  low-energy  linear 
accelerators.  The  present,  adapted  Hamiltonian  theory,  in 
which  also  solenoidal  magnetic  fields  are  incorporated 
does  not  have  this  restriction.  The  set  of  equations 
obtained  with  this  Hamiltonian  theory  is  suitable  for 
particle  motion  calculation.  Calculations  using  this  set  of 
equations  are  compared  to  the  results  of  a  commercially 
available  particle  tracking  code,  yielding  excellent 
agreement. 


2  THE  EQUATIONS  OF  MOTION 

The  vector  potential  in  cilindrical  co-ordinates 
representing  electromagnetic  waves  in  the  periodic  part  of 
the  linac  is  given  by  [2]: 


o)  a„ 


=Xa,. 


(i) 


M 


Az  =  ~Z  ^  /0(<v)sin(£„z-fflO, 


0) 

y  f 

in  which  stands  forn“  ,  an  for  the  Fourier  coefficients, 
k=kf+2nn/d  with  d  the  cell  length  and  kf  the  phase  shift 
per  cell,  a]  =k]  -k2 ,  EJz)  the  amplitude  of  the  electric 
field  in  the  z-direction.  Note  that  this  amplitude  is  a 


function  of  the  longitudinal  co-ordinate  z.  A8j  is  the 
vector  potential  of  the  static  magnetic  field  j.  This  vector 
potential  of  solenoid  j,  expanded  up  to  third  order  in  r, 
reads: 


4;(r<  Z)  =  T  rBz  ( r  =  0-  z)-  i?  r3  —  ( Bz  (r  =  0,  z)), 

with:  Bz  (r  =  0,  z)=  -jU0  ^-Vm  (z), 
in  which: 
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with  fi0  the  magnetic  permeability  in  vacuum,  I  the 
current  through  the  solenoid,  N  the  number  of  turns,  L  the 
length  and  a  the  radius  of  the  solenoid,  z  is  defined  at  the 
axis  with  respect  to  the  center  of  the  solenoid. 

Relativistic  motion  is  described  by  the  Hamiltonian: 


H={El  +  {pr-eAr'fc1  + 

(Pz-eAfc2/2’ 


( p  V 
r 


c2  + 


(3) 


where  c  is  the  speed  of  light,  Er  the  particle  rest  energy, 
p ,  pg,  pz  the  canonic  momenta  in  cylindrical  co-ordinates 
and  A,  A g,  Az  the  components  in  cylindrical  co-ordinates 
of  the  vectorpotential,  given  by  eq.  1.  The  new 
Hamiltonian  becomes  K,  =  -pz,  -H  and  t  form  a  new  pair 
of  conjugated  canonical  variables.  On  this  Hamiltonian  K, 
the  following  scaling  transformations  is  performed: 


Pe^z  =TTPz’h  =  - 


H_ 

H, 


Kr~H  iPr'Ke~H H 
r  Hi  "  Htk 

in  which  Hi  is  the  initial  energy,  yielding  Hamiltonian  K2 

=  -K- 

Yi 

K2=-\hl-e2-(nr-eA;)- 


(4) 


-M*,  (5) 


c  ■* 

in  which:  A ’  =  — A. 

In  eq.  5  £  is  transformed  to  £2=£-kjz/k  (new  variables  are 
indicated  by  higher  numerical  subscripts),  by  generating 
function  G0  =  -h^2-hkjz/k  (h2  =  h).  Further  the  signs  of  h2 
and  are  changed  in  h3  and  £,  by  generating  function 
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G,=  h£r  Now  h3  is  a  positive  quantity  and  k£}  has  the 
meaning  of  phase.  The  final  Hamiltonian  Kf  becomes  (in 
new  co-ordinates,  numerical  subscripts  are  omitted): 


K  -  K  i  gG°  i  -  kf  h  f/i2  -2 

'  !  ¥  ITT*  “  e' 


The  equations  of  motion  for  calculations  without  static 
external  solenoidal  magnetic  field  are  obtained  by  setting 
Ag  equal  to  zero.  Calculations  without  electromagnetic 
field  are  obtained  by  setting  ejz)  equal  to  zero.  In  this 
case  the  differential  equation  for  energy  changes  in 
h(z)=l  and  the  differential  equation  for  the  phase  does 
not  have  any  meaning  anymore,  because  of  the  absence 
of  an  electromagnetic  field. 


in  which  the  arguments  of  the  components  of  the  vector 
potential  (knz-cot)  in  eq.  1  has  been  replaced  by 
(2mz/d+kQ.  The  equations  of  scaled  energy  and  phase 
are: 

dh  dKf 

dz  dq 

le^oMcos  ^ 

n  & 


sl/~  r)  tC  It 


3  CALCULATIONS  COMPARED  TO 
SIMULATIONS 

In  this  section  calculations  based  on  the  Hamiltonian 
equations  of  motion  of  the  previous  section  are  presented 
and  compared  to  the  results  of  the  particle-tracking  code 
General  Particle  Tracer  (GPT)  [3].  In  this  code,  the  same 
electric  and  magnetic  field  description  is  specified  as  is 
used  in  the  Hamiltonian  calculations,  however  this 
particle-tracking  code  uses  an  entirely  different 
calculation  method.  Calculations  of  motion  in  an 
electromagnetic  field  with  and  without  static  external 
magnetic  field  have  been  applied  to  the  periodic  part  of 
the  Eindhoven  10  MeV  linac. 


The  transversal  equation  of  motion  for  the  canonical 
momentum  reads: 


d^r.crn 

dKx 

_  Ur.kin 

a a; 

+  eK 

dz 

dr  = 

X,/ 

dr 

dr 

„  H  B.kin 

dM 

r2ftz.kin 

dr  ' 

(8) 


This  expression  is  inconvenient  for  practical  use. 
Furthermore,  nrcan  is  not  of  interest  but  nrm,  therefore  the 
differential  equation  for  nrkjli  will  be  derived  in  the 
appendix  and  is  given  by: 


■=x«. 


h  (««»■), 


k  k-k „ 


-z+kC,  + 


"■9, kin  ,  "■B.kin 

- - +  g~ - 

r  Kz*n  r  ft  z, kin 


ft  B, kin  djrAg  ) 

,2tt.  k.  dr 


The  remaining  transversal  equations  are: 
dr  _  dKf  _  nr  kin 
dnr  cttn  nz  im  ’ 

**,».  =*o.om  (0)-crAe' (r,  z),  (10) 

dd  _  dK f  ~  ^ B.kin 

dz  dnB  r2nzkin  ' 


It  is  seen  that  nr  tin  is  needed  in  the  set  of  equations  and  not 
nrcm.  Furthermore,  the  expression  dnrU/dz  is  much 
simpler  than  the  expression  dnr:Jdz.  With  this  set  of 
equations  particle  motion  calculations  can  be  performed. 


The  energy  and  phase  have  been  calculated  for  the 
10  MeV  linac  using  eq.  7  (fig.  1).  Because  of  the  small 
dependence  of  the  particle  distance  to  the  z-axis  on  the 
calculation  of  energy  and  phase,  particles  with  a  different 
initial  position  and  divergence  will  have  similar  energy 
and  phase  evolution.  Calculations  are  performed  at  four 
different  injection  phases,  with  an  initial  energy  of 
1  MeV.  Energy  calculations  are  compared  to  the  results 
of  GPT,  showing  good  agreement  between  both  methods. 
The  particle  phase  is  not  provided  by  GPT,  so  a 
comparison  of  phases  is  not  possible.  However,  because 
of  the  agreement  in  energy  calculations,  it  is  obvious  that 
the  Hamiltonian  phase  calculations  must  be  consistent. 


0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0 


z  (m) 

Figure  1 :  Particle  energy  H  as  a  function  of  longitudinal 
co-ordinate  z  in  the  periodic  part  of  the  linac,  at  various 
injection  phases.  Hamilton  calculations  are  presented  by 
the  dashed  line,  GPT  simulations  by  the  solid  line. 
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Fig.  2  depicts  the  calculations  of  the  distance  of  a  particle 
to  the  z-axis,  r,  and  the  divergence  r’  in  the  linac,  using 
eqs.  9  and  10.  Particles  are  injected  at  various  phases  at 
1  MeV  parallel  to  the  z-axis  with  an  initial  radius 
r  =  3mm.  It  is  shown  that  there  is  a  good  agreement 
between  Hamiltonian  calculations  and  GPT  simulations. 


2  (m)  i'(*n) 


Figure  2:  Particle  distance  to  z-axis,  r,  and  divergence,  r\ 
calculations  as  a  function  of  z,  for  the  entire  periodic  part 
of  the  linac  (left  figs.)  and  for  the  first  six  cells  of  the 
periodic  part  (right  figs.)  Hamilton  calculations  are 
presented  by  the  dashed  line,  GPT  simulations  by  the 
solid  line. 


Fig.  3  shows  the  azimuthal  co-ordinate  9  and  its 
derivative  9’  as  a  function  of  z  in  the  linac  for  the  same 
calculations  as  depicted  in  fig.  2.  Again  there  is  a  good 
agreement  between  Hamiltonian  calculations  and  GPT 
simulations. 


Figure  3:  Particle  azimuthal  co-ordinate,  9,  and  its 
derivative,  6’,  calculations  as  a  function  of  z,  for  the 
entire  periodic  part  of  the  linac  (left  figs.)  and  for  the  first 
six  cells  of  the  periodic  part  (right  figs.)  Hamilton 
calculations  are  presented  by  the  dashed  line,  GPT 
simulations  by  the  solid  line. 


4  CONCLUSIONS 

An  analytic  description  of  particle  motion  in  linear 
accelerators  has  been  developed,  in  an  earlier  paper 
restricted  to  higher  energy  standing  wave  structures, 


while  in  the  present  paper  this  has  been  extended  to  the 
case  of  low-energy  travelling-wave  linacs,  in  which 
solenoidal  fields  may  be  incorporated.  The  Hamiltonian 
calculations  yield  a  remarkable  agreement  with  results  of 
particle-tracking  codes  but  they  are  much  faster 
performed  than  simulations  by  these  codes. 
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APPENDIX 

Consider  the  following  equations: 
dn  L ■  dn  dA * 

dz  dz  dz 
dA]  _  d A]  dr  +  dA ]  +  dA]  1 
dz  dr  dz  dz  dt  vz  ’ 
dr  _  nr  km 
dz  K  z, kin 
Thus,  using  eq.  8: 

dft r,kin  _  £  dAr  ~  dA,  ^  dA,  1  ^  ft  9, kin 

dz  dr  dz  dt  vz  r3nzkin 

ft e, kin  d(rAe  ) 
r2ft,  dr 


Substitution  of  the  vectorpotential  given  by  eq.  1  yields: 

^^  =  ^£nIMnri~(x„+—-——]sm(knz-(ot) 
dz  n  [  a„  vz  a„ ) 

ftp, kin  ft 9, kin  d(rAg  ) 

r3n,n..  r2n,«.  dr  (A3) 


in  which  the  z-dependence  of  the  amplitude  in  Ar  has  been 
ignored.  After  some  mathematical  manipulation  and 
replacement  of  the  argument  (knz-ox)  by  (2mz/d+kQ  the 
following  expression  holds: 


dz  „  a„  {  ftz 

ft 6, kin  ,  „  ft 9, kin 


-Z  +  kC  + 
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Abstract 

Proton  or  H~  linacs  accelerate  particles  through  the  wide 
range  of  the  particle  velocities.  For  intense  beams,  and  es¬ 
pecially  when  superconducting  cavities  are  used,  a  detailed 
knowledge  about  how  the  beam  energy  loss  depends  on  the 
beam  velocity  0  =  v/c,  and  what  part  of  the  lost  energy  re¬ 
mains  in  the  cavity,  is  required  to  calculate  the  cavity  heat 
load.  Using  a  frequency-domain  approach,  we  calculate 
the  bunch  energy  loss  as  a  function  of  0  for  a  few  particu¬ 
lar  cases.  We  are  mostly  concerned  about  the  cavity  modes 
below  the,  beam-pipe  cutoff,  because  they  produce  most  of 
the  cavity  heating.  While  the  loss  factor  due  to  an  individ¬ 
ual  mode  can  show  peaks  at  some  particular  values  of  0,  the 
total  loss  for  important  particular  cases  was  found  smoothly 
decreasing  as  0  decreases.  Comparison  with  time-domain 
results  for  the  ultra-relativistic  case,  0  — >  1,  is  also  pre¬ 
sented. 


^-dependence  of  loss  factors  using  the  frequency-domain 
approach  and  concentrating  primarily  on  the  cavity  modes 
below  the  beam  pipe  cutoff  frequency,  since  they  contribute 
the  major  part  of  the  cavity  heat  load.  In  particular,  we 
find  that  the  above  assumption  on  the  upper  estimate  from 
the  ultra-relativistic  case  may  be  incorrect,  especially  when 
only  some  individual  modes  of  the  cavity  are  concerned. 
More  details  can  be  found  in  a  recent  paper  [6]. 


2  CAVITY  LOSS  FACTORS 

Let  Es,  Hs  be  a  complete  set  of  eigenfunctions  (EFs)  for 
the  boundary  problem  in  a  closed  cavity  with  perfect  walls. 
The  longitudinal  impedance  can  be  written  as  (e.g.,  [7]) 


Z{0,u)  = 

3 


i  \h{0M? 

w2  -  w2  2  Wg 


(1) 


1  INTRODUCTION 

Many  modem  accelerator  projects  —  Accelerator  Pro¬ 
duction  of  Tritium  (APT)  [1],  Spallation  Neutron  Source 
(SNS)  [2],  and  the  accelerator-driven  transmutation  of  nu¬ 
clear  waste  (ATW)  [3]  —  consider  to  use  linacs  to  accel¬ 
erate  intense  proton  or  H~  beams  providing  the  final  beam 
power  in  the  range  1-200  MW.  Most  of  them  will  also  rely 
on  superconducting  (SC)  technology  for  the  accelerating 
cavities,  e.g.  [1,  3],  to  reduce  operational  costs.  With  the 
final  beam  energies  around  1-2  GeV,  the  ion  beam  during 
acceleration  changes  its  velocity  from  a  non-relativistic  one 
to  0  =  v/c  =  0.9  —  0.95.  At  the  same  time,  the  number 
of  types  of  SC  cavities  is  limited  to  a  few  due  to  cost  and 
production  reasons.  In  the  APT  linac  design  [1]  there  are 
only  two  types  of  SC  cavities,  optimized  for  0  =  0.64  and 
0  =  0.82,  respectively,  but  they  are  to  accelerate  protons  in 
the  velocity  range  from  0  =  0.58  (proton  energy  21 1  MeV) 
to  0.94  (1.7  GeV).  It  is  important  to  know  how  the  amount 
of  the  beam  energy  deposited  in  the  cavities  depends  on  the 
beam  velocity. 

It  is  common  to  believe  that  loss  factors  of  a  bunch  mov¬ 
ing  along  an  accelerator  structure  at  velocity  v  =  0c  with 
0  <  1  are  lower  than  those  for  the  same  bunch  in  the  ultra- 
relativistic  case,  0  -¥  1.  Computations  with  time-domain 
codes  like  MAFIA  [4]  or  ABCI  [5]  work  only  for  0  =  1, 
because  of  difficulties  in  imposing  proper  boundary  condi¬ 
tions  at  the  open  ends  of  the  beam  pipe  in  the  numerical 
time-domain  approach  for  0  <  1.  Often  the  loss  factors 
computed  numerically  for  the  ultra-relativistic  bunch  are 
considered  the  upper  estimates  for  0  <  1.  We  study  the 


where  la(0,ui)  =  fLdzexp(—icjz/0c)Esz(O,z)  is  the 
overlap  integral  and  Wa  is  the  energy  stored  in  the  s-th 
mode.  Here  Eaz  (0,  z)  is  the  longitudinal  component  of  the 
s-th  mode  electric  field  taken  on  the  chamber  axis. 

The  loss  factor  k  =  ir~1  /0°°  dw  Re Z(0,u>)\X(w)\2, 
where  A(w)  =  /  ds  exp  [ius  /  (0c)}X(s)  is  a  harmonic  of 
bunch  spectrum,  can  be  expressed  as  a  series  by  assum¬ 
ing  all  Qs  »  1  and  integrating  formally  ReZ(0,u>)  in 
Eq.  (1).  For  a  Gaussian  bunch  with  rms  length  2<r,  it  gives 
k(0,  <t)  =  ks{0,  a),  where  the  loss  factors  of  individ¬ 

ual  modes  ks  are 

kg(0,  o')  =  exp  [-  (w'sa/0cfj  \Is{0,uj's)\2 /{1WS) 

=  exp  [-  (u'gCr/0c)2]ujgRg(0)/(2Qs)  .  (2) 

In  the  last  expression  the  shunt  impedance  Ra(0)  and  Q- 
factor  for  the  s-th  cavity  mode  are  used. 

From  a  physical  viewpoint,  the  loss  factor  (2)  of  a  given 
mode  includes  two  velocity-related  effects.  The  exponent 
factor  shows  that  the  bunch  length  a  effectively  increases 
to  <j /0.  The  /3-dependence  of  Rs  is  essentially  due  to  that 
of  the  cavity  transit-time  factor  for  this  resonance  mode: 
the  effective  cavity  length  scales  as  1//3.  Although  Eqs.  (2) 
give  us  the  dependence  of  the  loss  factor  on  0,  it  is  only 
practical  when  the  number  of  strong  resonances  is  small, 
since  this  dependence  varies  from  one  resonance  to  an¬ 
other: 


ks(0,cr)  _  [_  ( <4<r\al  Rs{0) 

feg(l,<r)  \c0'l)  Rg{  1)  ’ 


(3) 
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It  follows  from  Eq.  (3)  that  for  long  bunches  loss  factors 
will  decrease  rapidly  with  (3  decrease,  as  exp  (— /3~2) .  The 
impedance  ratio  dependence  on  /3  is  generally  more  com¬ 
plicated,  and  we  consider  below  a  few  typical  examples. 


3  EXAMPLES 


3.1  Cylindrical  Pill-Box 

For  a  cylindrical  pill-box  cavity  of  length  L  and  radius  d, 
in  the  limit  of  vanishing  radius  of  the  beam  pipes,  the  ratio 
of  loss  factors  (3)  for  the  lowest  -Eoio-mode  is 


koio(P,cr) 

t — t: — r  =exp 

Koio(l,cr) 


cavity,  and  only  1  such  mode  for/3  =  0.82,  in  both  cases  in¬ 
cluding  the  fundamental  mode  at  f0  =  700  MHz.  The  con¬ 
tributions  from  these  lowest  resonance  modes  for  a  Gaus¬ 
sian  bunch  with  a  =  3.5  mm  for  /3  =  0.64  and  a  —  4.5  mm 
for  /3  =  0.82  are  about  1/3  of  the  total  loss  factor. 

The  on-axis  longitudinal  field  of  the  fundamental  mode 
is  fitted  very  well  by  Ez(z)  =  Ez( 0)  exp  [-(z/a)2],  with 
a  =  0.079  m  for  /3  =  0.64  and  a  —  0.10  m  for  /3  =  0.82. 
The  ratio  of  the  shunt  impedances  in  Eq.  (3)  is  then  easy  to 
get  analytically:  Rs(/3)/Rs(l)  =  exp  (cja/f3yc)2  /2J, 
where  u)  =  2irfo.  The  resulting  loss  factor  for  the  lowest 
mode  for  the  cavity  design  value  of  (3  =  0.64  is  0.378  times 
that  with  /3  ->  1,  and  for  (3  =  0.82  is  0.591  times  the 
corresponding  /3  -»  1  loss  factor. 


where  /imn  is  the  n-th  zero  of  the  first-kind  Bessel  func¬ 
tion  Jm(x).  The  ratio  is  almost  independent  of  /3  when  the 
bunch  is  short,  a  -C  d,  and  the  cavity  is  short  compared  to 
its  radius,  L«d.  For  longer  cavities,  however,  the  ratio 
oscillates  and  can  exceed  1  many  times,  see  [6].  Obviously, 
a  similar  behavior  is  expected  for  any  other  individual  res¬ 
onance  mode  in  this  case. 


3.2  Small  Discontinuity 

Consider  now  the  case  with  a  small  number  of  modes  below 
the  pipe  cutoff.  The  simplest  example  is  a  small  disconti¬ 
nuity  on  a  smooth  beam  pipe,  like  a  small  axisymmetric 
cavity  or  a  hole.  Let  the  area  of  the  longitudinal  cross  sec¬ 
tion  of  the  cavity  be  A,  and  its  length  and  depth  be  small 
compared  to  the  pipe  radius  b,  i.e.  A  <  b2.  In  this  case 
there  exists  a  trapped  mode  [8]  with  the  frequency  slightly 
below  the  pipe  cutoff  frequency  fc  =  fx0ic/(2nb).  The 
on-axis  longitudinal  electric  field  of  the  mode  is  given  by 
a  simple  expression  Ez(z)  =  Ez(0)  exp(— |z|/L),  where 
L  =  b3/(^01A)  »  b  is  the  characteristic  length  occupied 
by  the  trapped  mode  in  the  pipe. 

The  overlap  integral  is  easily  calculated  analytically,  and 
the  ratio  of  the  shunt  impedances  Eq.  (3)  is 


Rs(P) 

R.(i) 


=  /34 


(cuL/c)2  +  1 


[>L/c)2+/32 


~/3\ 


(5) 


where  v  —  2nfc  =  /i0i  c/b  is  the  resonance  frequency. 
The  last  expression  in  the  rhs  of  Eq.  (5)  is  due  to  the  fact 
that  ujL/c  3>  1,  since  ub/c  ~  /i0i  and  L  b.  The  above 
results  hold  for  a  small  hole  in  the  pipe  wall:  one  just  has 
to  substitute  A  =  am/(A-Kb),  where  am  is  the  magnetic 
susceptibility  of  the  hole,  in  all  expressions,  see  [8],  For 
comparison  with  a  small  but  finite-size  cavity,  see  [6]. 


3.3  APT  1-cell  Cavities 

As  a  more  realistic  example,  consider  an  APT  SC  1-cell 
cavity,  e.g.  [9],  Direct  time-domain  simulations  with  the 
codes  MAFIA  [4]  and  ABCI  [5]  show  the  existence  of  only 
2  longitudinal  modes  below  the  cutoff  for  the  /3  =  0.64 


3.4  APT  5-cell  Cavities 

For  5-cell  APT  SC  cavities  the  lowest  resonances  are  split 
into  5  modes  which  differ  by  a  phase  advance  per  cell,  A$, 
and  their  frequencies  are  a  few  percent  apart  [9],  The  cal¬ 
culated  on-axis  fields  of  all  five  modes  in  the  TMoio-band, 
with  A4>  from  7t/5  to  n  —  the  last  one  is  the  accelerat¬ 
ing  mode  of  the  cavity  —  are  shown  for  the  cavity  with 
/3  =  0.82  in  Fig.  1,  left  column.  Using  MAFIA  results  for 
the  fields  of  the  modes  to  calculate  overlapping  integrals  in 
Eq.  (2)  with  an  arbitrary  /3,  we  find  the  ,0-dependencies  of 
the  loss  factors  for  the  five  TMoio-modes,  see  the  right  col¬ 
umn  of  Fig.  1 .  Obviously,  they  are  strongly  influenced  by 
the  mode  field  pattern. 

When  we  sum  up  all  five  contributions  to  the  loss  fac¬ 
tor  for  this  band,  the  resulting  dependence  on  /3  is  smooth, 
and  the  total  loss  factor  decreases  monotonically  as  /3  de¬ 
creases,  see  Fig.  2.  As  seen  in  Fig.  2,  the  loss  factor  of 
the  accelerating  mode  is  maximal  near  the  design  /3,  while 
for  all  other  modes  it  is  almost  zero  in  that  region.  This  is 
not  surprising,  since  the  cavity  design  is  optimized  for  that 
value  of  /3  to  provide  a  strong  interaction  of  the  accelerating 
mode  with  the  beam. 

A  similar  picture  holds  for  the  /3  =  0.64  APT  cavity: 
loss  factors  of  individual  modes  in  the  given  band  show  a 
rather  irregular  /3-dependence,  with  peaks  at  different  val¬ 
ues  of  /3,  but  their  sum  smoothly  decreases  with  the  /3  de¬ 
crease.  It  works  for  both  bands  below  the  cutoff  frequency 
of  the  pipe,  TMoio  and  TMo2o-  The  total  loss  factor  for 
all  longitudinal  modes  below  the  cutoff  is  shown  versus 
(3  in  Fig.  3,  as  well  as  the  separate  contributions  of  both 
bands.  The  contribution  of  the  TMoio-band  is  certainly 
larger,  about  0.5  V/pC  for  3  =  1>  compared  to  less  than 
0. 1  V/pC  from  TMo2o-band.  These  (3  —  1  results  are  in 
a  good  agreement  with  direct  time-domain  simulations  us¬ 
ing  ABCI  [5],  see  [6].  In  the  velocity  range  near  the  de¬ 
sign  value  of  (3  =  0.64,  TMoio  contribution  dominates, 
and  the  total  loss  factor  is  mostly  due  to  the  accelerating 
7r-mode,  cf.  Fig.  3.  The  total  loss  factors  for  a  given  reso¬ 
nance  band  are  lower  for  the  design  / 3  than  at  /3  =  1,  except 
the  TM020  band  for  the  (3  =  0.82  cavity.  This  band,  how¬ 
ever,  includes  some  propagating  modes,  and  for  those  the 
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Figure  1:  Longitudinal  component  of  the  on-axis  electric 
field  (arbitrary  units)  for  the  TMoio-modes  in  the  5-cell 
APT  (3  =  0.82  cavity  versus  z  (m)  (left  column),  and  their 
loss  factors  (V/pC)  versus  (3  (right) . 

frequency-domain  results  can  not  be  trusted.  Its  contribu¬ 
tion  is  certainly  very  small  anyway,  see  [6]  for  detail. 

Of  course,  the  contribution  of  higher-frequency  modes  to 
the  bunch  loss  factor  can  also  be  significant.  However,  the 
beam  energy  transferred  to  the  higher  modes,  which  have 
frequencies  above  the  cutoff  and  propagate  out  of  the  cavity 
into  the  beam  pipes,  will  be  deposited  elsewhere  outside  the 
cavity.  For  the  SC  cavities,  we  are  mostly  concerned  about 
the  lowest  resonance  modes,  below  the  cutoff,  since  they 
contribute  to  the  heat  load  on  the  cavity  itself. 


4  DISCUSSION 

The  bunch  loss  factors  were  calculated  with  the  frequency- 
domain  approach  as  functions  of  the  beam  velocity  (3.  The 
approach  is  useful  when  we  know  the  fields  of  all  modes 
that  contribute  significantly  into  the  bunch  energy  loss. 
Calculating  modes  above  the  cutoff  presents  most  difficul¬ 
ties,  since  there  is  no  well-established  numerical  method, 
except  for  periodic  structures.  Nevertheless,  for  many  prac- 
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P 

Figure  2:  The  loss  factor  for  all  TMoio-modes  in  the  5-cell 
APT  (3  =  0.82  cavity  versus  /3  (solid).  The  contribution 
of  the  accelerating  (7 r)  mode  is  short-dashed,  and  that  of  all 
others  is  long-dashed. 


P 

Figure  3:  The  total  loss  factor  for  all  modes  below  the 
cutoff  in  the  5-cell  APT  (3  =  0.64  cavity  versus  (3.  The 
contribution  of  the  TMoio-band  is  long-dashed  and  that  of 
TMo2o-band  is  short-dashed.  The  thin  solid  line  shows  the 
loss  factor  for  the  accelerating  mode,  TM010  7r-mode. 

deal  applications,  especially  in  SC  cavities,  the  contribu¬ 
tion  of  the  lowest  modes  is  a  major  concern,  because  the 
above-cutoff  modes  travel  out  of  the  cavity  and  deposit 
their  energy  far  away  from  the  structure  cold  parts,  where 
the  heat  removal  is  not  a  big  problem. 

The  author  would  like  to  thank  Frank  Krawczyk  for  pro¬ 
viding  MAFIA  results  for  the  5-cell  cavities. 
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Single-Mode  Beam-Cavity  Interaction  In  Relativistic  Klystrons* 

S.M.  Lidia,  Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA  94720  USA 


Abstract 

The  interaction  between  a  modulated,  intense  electron 
beam  and  a  single-mode  rf  cavity  is  discussed.  A  formal¬ 
ism  is  described  which  accounts  for  steady-state  and  tran¬ 
sient  beam  loading,  input/output  waveguide  coupling,  and 
finite  Q  effects.  A  circuit  equation  is  analyzed  for  short- 
time  behavior.  Algorithms  are  presented  for  designing  de¬ 
tuned  structures  to  ensure  longitudinal  stability  in  relativis¬ 
tic  klystron  two-beam  accelerators. 

1  FUNDAMENTAL  ELEMENTS  AND 
DYNAMICS 

We  are  specifically  concerned  with  the  interaction  of  the 
beam  with  the  fundamental  monopole  mode  (TMoio)  in 
a  single  standing-wave  (SW)  idler  or  output  cavity.  We 
express  the  cavity  electric  field  as  a  product  of  a  time- 
dependent  mode  amplitude  with  a  spatial  mode  profile  (in¬ 
dexed  by  A), 

~S{T,t)  -  ax(t)Et(T).  (1) 

The  spatial  profile  of  the  mode  is  assumed  to  have  the  so- 
called  ’Slater’  normalization, 

f  d3r7?\(-r*)  ■  T?x (T”)  =  1.  (2) 

J  cavity 

The  other  dynamical  quantity  is  the  current  density  rep¬ 
resenting  the  beam  travelling  through  the  cavity  structure. 
We  define  a  modal  current  density,  Jx(t),  by  computing 
the  overlap  of  the  time-dependent  current  density  with  the 
spatial  profile  of  the  mode  electric  field,  as  in  (2). 

We  may  write  down  an  equivalent  circuit  equation  de¬ 
scribing  the  time  evolution  of  the  mode  amplitude  due  to 
excitation  by  both  the  external  rf  current  drive  and  the  in¬ 
coming  waveguide  mode,  and  losses  from  wall  heating, 
beam  loading,  and  coupling  to  the  outgoing  waveguide 
mode  [1]  [2], 

(ik  +  ft  +  wa)  “a W  =  (3) 

(  Vix*  )  • 

For  quasi-steady-state  harmonic  oscillation  at  the  mod¬ 
ulation  rf  frequency,  we  express  the  time-dependence  of 
the  rf  amplitudes  as  ax(t )  =  a\cos(ui,t  +  < fix),  Jx(t)  — 
Jx  cos(wjf),  Vf(t)  =  v±  cos (wbt  +  (p± ). 

*  This  work  supported  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  LBNL  under  Contract  No.  AC03-76SF00098. 


1.1  Normalization  of  the  Cavity  Electric  Field 

We  only  consider  the  on-axis  longitudinal  electric  field  pro¬ 
file  and  assume  that  it  is  only  a  function  of  longitudinal  po¬ 
sition  ( z ),  with  a  separable  time  dependence.  The  values 
of  the  field  and  its  derivatives  along  the  axis  are  used  to 
generate  all  other  electric  and  magnetic  field  components 
(permitted  by  symmetry)  near  the  axis  by  construction  of 
the  vector  potential. 

Without  the  detailed  description  of  the  total  electric  field 
profile  throughout  the  entire  cavity,  we  are  unable  to  nor¬ 
malize  the  modes  according  to  the  Slater  prescription  (2). 
However,  this  normalization  may  be  done  when  the  modes 
are  initially  generated  by  electromagnetic  codes  [Superfish, 
URMEL,  MAFIA,  GdfidL,  et.  al.].  This  can  be  performed 
through  a  combination  of  analytical  modeling  of  the  on- 
axis  field  profile  with  numerical  calculation  of  the  [R/Q], 
This  relates  the  on-axis  voltage  seen  by  the  beam  to  the 
total  energy  stored  in  the  cavity,  and  introduces  a  normal¬ 
ization  constant,  Nx  ■  In  terms  of  the  modal  fields,  the  ac¬ 
celerator  [R/Q]  is 

f  dzEzx(z)  exp  [iwA^/ftc]  .  (4) 

cavity 

For  a  Gaussian  distributed  on-axis  longitudinal  electric 
field  component,  with  RMS  width  cr  in  z,  the  normaliza¬ 
tion  constant  is 


R]  _  2 

.Q\x  e0^A 


Nx  = 


'R' 

\  1/2 

w2rr2 

.Q. 

J  “p 

imA 

(5) 


This  defines  the  connection  between  the  modal  fields  used 
in  the  circuit  analogy,  and  the  fields  used  in  determining  the 
beam  dynamics.  We  refer  to  this  definition  of  the  field  as 
the  Tine  voltage’  normalization. 


1.2  Periodic  Klimontovich  Current  Distribution 

The  connection  between  the  discrete  particle  description 
employed  by  the  tracking  code  and  the  current  density  used 
in  the  circuit  equation  is  made  by  appealing  to  the  Klimon¬ 
tovich  distribution. 

Since  the  amplitude  of  the  modulated  current  density 
varies  only  very  slowly  on  the  rf  time  scale,  the  charge 
per  bunch  and  the  distribution  function  appear  to  be  pe¬ 
riodic  when  observed  over  a  few  rf  periods’  duration.  We 
describe  the  time  dependence  of  the  charge  density  distri¬ 
bution  by  expanding  in  a  Fourier  series  basis  defined  over  a 
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single  rf  period.  The  relativistic  nature  of  the  beam  allows 
us  to  neglect  the  transverse  current  density  components. 
The  modal  current  density  at  time  to  is  calculated  to  be 


_ 


QextV ix 


(it  ~  JW)  (?+e  "P+  —v~e  ,lp~) 

-21!1  (&h  -  i-j»)  . 


Mto)  =  h  (fcavity  dzEz\  ( rt ,  z) )  + 

+2It  Etel  (fcavity  dzE>*  (r? >  Z)  COS  [/w»  (*0  -  <(2))]) 

For  the  beams  we  consider  here,  only  the  /  =  1  term  is 
necessary  to  retain  for  the  monopole  mode.  Higher-order 
azimuthal  modes  may  couple  to  higher  harmonic  compo¬ 
nents  in  the  beam’s  spectrum. 

We  have  denoted  with  angular  brackets  an  average  over 
the  bunch  distribution.  Here,  t(z)  is  the  arrival  time  at 
beamline  position  z  with  transverse  offset  rf  of  an  element 
of  the  current  density.  It  will  be  convenient  to  use  the  real 
parts  of  complex-valued  quantities.  We  will  define, 

w  (w,  rt)=  dzEz\  (rXn,  z)  exp  [~iwt(z)] .  (6) 

J  cavity 

The  particular  function  defined  by  (6)  plays  an  extremely 
important  role  in  the  dynamics  of  the  beam  and  the  evo¬ 
lution  of  the  cavity  field  amplitude.  It  serves  to  define 
the  cavity  voltage,  and  hence  the  mode  [R/Q]  and  shunt 
impedance.  It  contains  transit  time  effects,  and  when  ap¬ 
plied  to  beam  particle  trajectories  in  the  presence  of  a  back¬ 
ground  rf  field,  it  will  compute  beam  loading  contributions 
to  the  shunt  impedance  and  the  net  energy  deposited  into 
the  mode.  We  will  refer  to  it  as  the  mode  transit  function. 

2  ANALYSIS  OF  THE  CIRCUIT 
EQUATION 


This  equation  can  be  simplified  by  introducing  a  volt¬ 
age  normalization.  We  define  an  on-axis  cavity  cir¬ 
cuit  voltage,  and  forward  and  reverse  port  voltages  via 
Vc  =  VF  =  andVR  = 

v~  j  t  where  wo  =  w  (rf  =  0,wj).  As  defined, 
these  voltages  are  complex-valued.  The  bunch-averaged 
accelerator  shunt  impedance  is  defined  through  Rt  = 
Qx  {[R/Q]),  where 


2wo  («?*) 


(8) 


The  shunt  impedance  as  defined  here  is  a  complex¬ 
valued  quantity,  but  that  it  can  be  expressed  as,^  ^  = 

Fj,  where  =  %\ 


£oWa  is  a  manifestly  real-valued 
quantity,  and  Ft  is  a  complex-valued  bunch  distribution- 
dependent  form-factor,  with  magnitude  of  order  unity.  The 


shunt  impedance  is  given  by  R\  =  QF 


Using  the  continuity  condition  [2],  we  may  express  the 
reverse  voltage  in  terms  of  the  cavity  and  forward  voltages, 
Vr  =  Vc  —  VF.  From  standard  microwave  terminology, 
we  recall  the  definitions  of  the  tuning  angle,  ip  (tan  ip  = 


Qi  (“  -  ^)).  cavity  fill-time,  TF  =  and  coupling 


parameter,  j3  =  .  We  introduce  the  phase  change  in 

a  fill  time,  v  —  w7>,  and  a  =  ( I  +  i  tan  ip).  Finally,  we 
re-scale  the  time  dependence  by  the  fill  time,  r  =  t/TF,  to 
obtain 


Two  distinct  time-scales  of  interest  exist  in  these  problems. 
A  fast  time-scale,  where  variations  occur  within  an  rf  pe¬ 
riod,  and  a  slow  time-scale.  The  latter  can  be  the  fill  time  of 
the  cavity  (TF),  the  rise  time  of  the  driving  current,  or  some 
other  relevant  time-scale.  The  mode  amplitude  and  current 
density  are  modulated  at  the  fast  time-scale.  But  the  evo¬ 
lution  of  the  amplitude  as  well  as  any  phase  drift  occurs 
on  the  slow  time-scale.  As  a  result,  we  may  re-write  the 
governing  circuit  equation  in  terms  of  these  slowly- varying 
quantities  and  the  slow  time-scale. 

2.1  Slow  Time-Scale  Equation  of  Motion 


Vc  +  aVc  =$IVF(l  +  i  Vf'/Vf)  (9) 
-RxFth  (1 + m/h) , 

This  is  the  main  result  of  this  section.  We  do  not  attempt  to 
find  a  global  solution  over  time,  which  requires  inclusion 
of  the  self-consistent  interaction  of  the  cavity  back  upon 
the  beam.  Rather,  we  will  seek  a  local  solution,  valid  only 
over  a  short  time  duration  (though  still  long  compared  to 
the  fast  time  scale),  as  an  approximation  to  use  within  the 
numerical  simulation.  We  will  take  the  form  factor,  Ft,  as 
approximately  constant  over  the  interval. 


Introducing  slow  time  variations  into  the  modal  amplitudes 
and  phases:  a/  =  aX(f),  tpx  =  J\  =  2 Ib{t)  (u;*), 

These  functions  are  required 
to  be  slowly  varying  in  time  with  respect  to  the  rf  period. 
Substituting  these  into  the  circuit  equation  ,  and  neglect 
second-order  time  derivatives  of  slowly- varying  quantities 
to  obtain, 

(w2-w2-i^)(^e-^)+  (7) 

fe-2 fo)&(3xe-‘v»)  = 


2.2  Observed  Fields  and  Power  Flow 


Of  interest  is  the  amount  of  rf  power  flowing  into  and  out 
of  the  cavity.  This  power  flow  is  derived  from  the  Poynting 
flux.  The  net  rms  power  flowing  in  the  waveguide,  again 
assuming  a  single  mode,  can  then  be  shown  to  be 


P+  = 


2  Qext 


VF 

2 

,P- 

£0WA 

1  1 

wo 

2  Qext 

Wo 

denoting  the  forward  and  reverse  rms  power  flows  in  the 
connecting  waveguide,  respectively.  Note  that  the  reverse 
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voltage  has  been  expressed  in  terms  of  the  forward  and  cav¬ 
ity  voltages. 

3  INTERNAL  BUNCH  DYNAMICS  AND 
THE  AVERAGED  SHUNT  IMPEDANCE 

In  the  usual  linac  formulation,  the  function  w0  is  calculated 
by  assuming  a  constant  velocity,  /?o,  of  particles  through 
the  cavity.  In  that  case  t(z )  =  to  +  (z  -  zq)/(i3qc)  .  Here, 
we  allow  for  intra-bunch  particle  motion  resulting  from  a  fi¬ 
nite  beam  energy  spread,  and  from  the  influence  of  rf  fields 
generated  from  the  interaction  of  previous  bunches  with  the 
cavity.  We  determine  the  value  of  t  from  the  fiducial  orbit. 
For  a  SW  monopole  mode,  we  use 

Ez\(r2,  z)  =  fo(z)  +  r]_f2(z)  +  r]_f4(z)  +  •  •  •  (10) 

and  the  auxiliary  functions  are  (primes  denoting  total 
derivatives  with  respect  to  z) 


zo)/(f3oc)+s/c.  The  distribution  in  arrival  time  (s)  is  taken 
to  be  gaussian.  Following  the  phase  convention  of  (6),  we 
set  to  =  0.  The  transverse  distribution  is  also  taken  to  be 


gaussian,  and  essentially  static.  We  take  the  bunch  distri 

exp(_^)  exp(-^) 

Kiifirvn  In  Kp  n  ( r>  )  ^  r  ' _ Y _ iZ.  cr>  fko 


bution  to  be  g(rt,s)  =  — f-j-  ’  S0  that 

w  =  wo  exp  (— iki,s)  =  N\  exp  (—typr)  exp  (~ikbs), 
where  kb  =  /c.  And,  in  this  case,  the  bunch-averaged 

(k2cr2\ 

— *£-*■  j  .  We  can 

find  the  steady-state  power  flow  out  of  the  beam  and  into 


the  wall  and  into  the  reverse  waveguide  mode, 


Pb  =  R\Ib  cos2  ip  exp  (-fc2<r2)  , 

Pw  =  cos2  ip  exp  (- kfa 2)  , 

P-  =  ~~R\Ib  cos2  ^  exp  (-fc2<r2)  .  (11) 

HtxX 


fo(z)  -  Ez\(r. t  =  0,  z)  =  N\e0(z), 
f2(z)  =  — l/4ATA(e,0'  +  k20e0), 
f4(z)  =  l/64ATA(e(!t')  +  2  fc^e'o'  +  k%e0), 


4.2  Beam  Energy  Modulation 

The  beam  energy  distribution  undergoes  modulation  from 
this  field.  The  modulation  of  beam  energy  (7)  is  then 


and  ko  =  wA/c.  We  re-write  the  mode  transit  functions  as 

W  ~  Icavity  dz  ( MZ )  +  rlMZ )  +  riMZ))  X 
x  exp  [-iu)bt(z)] . 

For  the  beams  of  interest  to  us  for  RK-TBA  devices,  the 
longitudinal  phase  space  is  characterized  by  bunches  which 
subtend  a  significant  fraction  of  the  rf  wavelength.  The 
bunch-averaged  shunt  impedance  is  evaluated  by  taking  av¬ 
erages  over  the  spatial  and  phase  coordinates  of  the  parti¬ 
cles  in  the  bunch.  This  serves  to  define  the  bunch-averaged 
form  factor, 

4  DESIGN  OF  IDLER  AND  OUTPUT 
CAVITIES 

The  collection  of  idler  and  output  cavities  in  an  RK-TBA 
requires  detailed  design  so  that  its  rf  properties  match  the 
demands  of  the  device  in  terms  of  beam  transport  stability 
and  output  power  production.  In  particular,  the  resonant 
frequency  and  loaded  Q-value  of  a  cavity  determine  the 
longitudinal  impedance  seen  by  the  beam.  This  impedance 
is  tuned  inductively  to  counteract  the  (capacitive)  effects  of 
space  charge  debunching  and  loss  of  rf  current  carried  by 
the  beam. 


A7  (s)  = - exp  f-  cos  ip  cos  (ip  +  kbs) . 

mec* /  \e\  \  z  J 

(12) 

The  cavity  interaction  thus  produces  a  correlation  between 
arrival  time  and  energy. 


4.3  Inductive  Detuning  for  Beam  Stability 


The  energy  modulation  imposed  upon  the  beam  by  its  inter¬ 
action  with  the  cavity  contains  a  sinusoidal  variation  with 
arrival  time  and  a  phase  offset  determined  by  the  cavity  tun¬ 
ing  angle.  The  tuning  angle  contains  two  free  parameters, 
(jJb  and  Ql-  For  RK-TBA  applications,  these  parameters 
are  used  to  adjust  the  amount  of  energy  loss  experienced 
between  the  head  and  tail  of  the  rf  bunch.  Or,  equivalently, 
the  average  bunch  energy  loss  and  the  longitudinal  phase- 
space  rotation  of  the  bunch.  The  average  energy  loss  is 
determined  by  the  rf  power  required,  while  the  bunch  ro¬ 
tation  degree  of  freedom  is  used  to  counterbalance  the  op¬ 
posite  rotation  (and  debunching  effect)  of  self-fields.  The 
average  energy  change  for  the  bunch  is  then  found  to  be 


,  where  Vo  =  mc2/e  is 


the  electronic  rest  mass  in  voltage  units. 
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Abstract 

We  derive  an  analytical  expression  for  the  coupling 
impedance  and  loss  factor  of  a  long  narrow  slot  in  a 
coaxial  beam  pipe.  The  method  used  differs  from  the 
classical  Bethe’s  theory  of  diffraction  since  we  define 
differential  polarizabilities  to  take  into  account  the  effect 
of  the  interference  between  the  fields  scattered  all  along  the 
slot.  The  expressions  obtained  are  thus  valid  even  for  slots 
longer  than  the  wavelength. 

1  INTRODUCTION 

Different  analytical  or  semianalytical  methods  can  be  used 
to  study  the  effects,  on  the  beam  dynamics,  of  pumping 
holes  and  slots  coupling  the  vacuum  chamber  to  an 
external  antichamber. 

When  the  wavelength  is  much  longer  than  the  aperture 
dimensions,  the  problem  is  treated  in  terms  of  static 
polarizabilities  and  coupling  impedance  and  loss  factor  can 
be  calculated  by  different  methods  [1,2].  For  longer 
wavelengths  this  procedure  can  no  longer  be  followed  and 
frequency  dependant  polarizabilities  have  been  introduced 
in  [3], 

The  method  we  present  here  is  based  on  the  slot 
subdivision  in  infinitesimal  slices,  as  suggested  in  [4],  so 
that  it  is  still  possible  to  use  the  modified  Bethe’s  theory 
of  diffraction  [5], 

2  GENERAL  THEORY 

We  consider  a  long  and  narrow  slot  on  the  inner  tube  of  a 
coaxial  beam  pipe  (Fig.  1).  Subdividing  the  slot  in 
infinitesimally  long  elements,  which  dimensions  are 
much  shorter  than  the  wavelength,  we  can  still  calculate 
the  equivalent  dipole  moments  for  each  element  according 
to  the  modified  Bethe’s  diffraction  theory: 

dPr(z )  =  e[E0r(z)  -  Esr(z)]dae 

where  H0q)(z)  and  E0r(z)  are  the  fields  radiated  by  a 
point  charge  q,  travelling  with  velocity  c  along  the  axis  of 
a  perfectly  conducting  pipe.  Hs(p(z)  and  Es(p(z )  are  the 
scattered  fields;  their  amplitude,  which  is  a  function  of  the 
equivalent  dipole  moments,  can  be  expressed  through  the 
Lorentz  reciprocity  theorem  [2],  The  differential 
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polarizabilities  dam  and  dae  are  approximated  by 
averaging  the  static  polarizabilities  along  the  slot  length 
L: 


dam  =  am/Ldz  and  dae  =  ae/Ldz  (2) 

Limiting  our  analysis  to  frequencies  below  the  inner  and 
outer  pipes  TEn  cutoff,  we  can  rewrite  Eqs.  (1)  as 


dM,„ 


cc„ 


dz  L 


anti,  L'2  dM  _jkoU_s\ 
H°*  1  o  J  d£e 


-LI  2 


-LI  2 


dPr  ea. 


dz  L 


9  1/9 


<3) 


-LI  2 


di 


0  1  dq 


-LI  2 


where  and  e0r  are  the  TEM  modal  functions  [6]  and 
k0  =  2  nil. 


Figure  1 :  Coaxial  beam  pipe  with  slot. 

From  a  physical  point  of  view,  Eqs.  (3)  reveal  that  the 
scattered  fields  depend  on  the  electric  and  magnetic  dipoles 
all  over  the  aperture,  since  each  infinitesimal  slice  radiates 
a  forward  and  a  backward  wave  in  the  coaxial  region  [6]. 

Once  Eqs.  (3)  have  been  solved,  it  is  straightforward  to 
derive  the  longitudinal  impedance  [7] 


1  +” 

Z(<w)  =  --  J Ez(r  =  0 )e]koZdz 


(4) 
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Since  only  the  TM0m  modes  have  a  non  zero 
longitudinal  electric  field  along  the  pipe  axis,  each 
element  contribution  to  the  impedance  is 

.  (oZq  f  1  dMv  |  dPr ' 
dz  2nqb\c  dz  dz 

where  Z0  is  the  ffee-space  characteristic  impedance.  Eq.  (5) 
can  be  regarded  as  the  differential  version  of  the  analogous 
formula  derived  in  [1], 

The  total  impedance  is  simply  obtained  integrating  Eq. 
(5)  along  the  slot. 

3  ANALYTICAL  EXPRESSIONS  FOR 
IMPEDANCE  AND  LOSS  FACTOR 
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The  integrals  Inm  are  given  by 


To  obtain  final  expressions  in  an  analytical  form,  we 
choose  to  solve  the  integral  equation  system  in  Eqs.  (3) 
using  an  iterative  procedure.  It  will  be  shown  that  it  is 
sufficient  to  stop  at  the  first  order  solution. 

The  zero-th  order  solution  corresponds  to  the  original 
Bethe’s  theory  [8],  appropriately  transformed  to  fit  in  the 
integral  equations: 
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Replacing  Eqs.  (6)  in  the  right  hand  side  of  Eqs.  (3)  we 
get  the  first  order  solution 
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The  complete  expression  of  impedance  and  loss  factor 
using  the  second  order  approximation  for  the  differentia] 
dipole  moments  is  quite  complex  and  of  no  easy 
readability.  From  Fig.  2  we  can  see,  though,  that  the 
difference  from  the  loss  factor  for  a  Gaussian  bunch  of 
length  az  calculated  using  the  first  order  approximation  is 
minimal. 


0  20  40  60  80  100 

L  [mm] 


The  second  order  approximation  is  obtained  replacing 
the  expressions  found  for  the  differential  dipole  moments 
in  Eqs.  (7)  on  the  right  hand  side  of  Eqs.  (3).  Thus 
obtaining 


Figure  2:  Loss  factor  vs.  length  for  a  rectangular  slot.  The 
dashed  line  is  the  small  aperture  approximation  [9];  the 
solid  line  is  the  first  order  solution;  the  black  diamonds 
are  obtained  using  the  second  order  solution. 
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In  the  following  analysis,  therefore,  we  will  make  use 
of  the  following  analytical  expressions  for  the 
longitudinal  impedance,  obtained  using  the  first  order 
solution  of  Eqs.  (3): 


Zo*0 


— [(a,  +  a.)!  + 


32jrVln(d/Z>) 

2l-cos(2ftI) 

(  2k\l} 


Z  k 


(ae  ~  am> 


%nb2  In (dlb)L 


1- 


sin(2£0L) 
2  knL 


(11) 


and  consequently  the  loss  factor  for  a  Gaussian  bunch  is 
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Though  the  CE  and  Cm  values  are  known  only  for  a 
circular  aperture,  in  our  case,  a  comparison  of  the 
analytical  (Fig.  3,  dashed  line)  and  numerical  results 
suggest  the  following  values:  CE  =  CM  =  0.63. 

In  order  to  check  this  result,  the  loss  factor  has  been 
computed  numerically  for  a  given  slot  length  and  different 
wall  thicknesses  (Fig.  4),  obtaining  Ce  -  Cm  -  0  .62  as 
best  fit. 


Figure  4:  Loss  factor  for  a  rectangular  slot  vs.  T/w  ratio. 
The  black  diamonds  are  MAFIA  points. 


4  COMPARISONS  WITH 
NUMERICAL  RESULTS 

We  have  performed  simulations  with  the  numerical  code 
MAFIA  in  the  case  of  both  rectangular  and  rounded  end 
slots  of  different  length  and  width. 

To  account  for  the  finite  wall  thickness  T  that  must  be 
used  in  the  simulations,  Eqs.  (11)  and  (12)  must  be 
slightly  modified  as  shown  in  [9].  The  electric  and 
magnetic  polarizabilities  change  as  well  and  can  be 
represented  as  a  function  of  the  zero-thickness  expressions, 
using  the  approximation  developed  by  McDonald  [10],  as: 


5  CONCLUSIONS 

We  have  obtained  an  approximated  analytical  expression 
for  longitudinal  impedance  and  loss  factor  of  a  long 
narrow  slot  in  a  coaxial  beam  pipe.  When  the  slot  is 
longer  than  the  wavelength,  the  real  part  of  the  impedance 
shows  a  typical  resonant  behaviour  related  to  the  slot 
length.  Our  results  are  in  good  agreement  with  those 
obtained  in  literature  with  different  methods  and  with 
MAFIA  simulations. 
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Abstract 

We  studied  the  electrostatic  fields  due  to  the 
longitudinal  and  transverse  perturbations  of  a  charged 
particle  beam  with  a  uniform  distribution  propagating 
inside  an  rf-shielding  cage  constructed  from  evenly- 
spaced  conducting  wires.  The  beam  and  the  rf-cage 
are  surrounded  by  a  concentric  conducting  beam  pipe. 
Simple  formulae  are  derived  for  estimating  the  space- 
charge  impedances.  Numerical  examples  are  given. 

1  INTRODUCTION 

An  rf-shielding  cage,  or  an  rf-cage,  used  in  an 
accelerator  or  storage  ring  is  a  cage-like  structure 
made  of  conducting  wires  stretched  in  parallel  to  the 
direction  of  the  circulating  charged  particle  beam.[l] 
The  conducting  wires  on  the  cage  are  arranged  to 
surround  the  beam  to  create  an  electromagnetically 
shielded  environment  for  the  beam.  This  kind  or  the 
similar  kinds  of  devices  together  with  ceramic  beam 
pipes  have  been  implementedfl]  and  planned[2-4],  or 
is  being  planned[5]  in  some  high-intensity  rapid  cycling 
proton  synchrotrons.  There  are  two  reasons  for  using 
the  rf-cage  instead  of  solid  beam  pipe.  The  first  reason 
is  to  avoid  excess  eddy  current  that  may  be  induced 
on  the  beam  pipe  by  the  fast-changing  magnetic  field. 
The  second  reason  is  that  it  is  easier  to  vary  the  cross- 
section  of  an  rf-cage  to  reduce  the  coupling  impedance. 

Although  an  rf-cage  has  been  put  in  service  for 
many  years,  [1]  a  serious  study  of  the  electromagnetic 
field  of  a  charged  particle  beam  propagating  in  an  rf- 
cage  has  never  been  documented  until  recently.  [6,7]  In 
Refs.  6  and  7,  a  rigorous  formalism  was  established  to 
investigate  the  electrostatic  field  of  a  charged  particle 
beam  with  a  uniform  distribution  inside  an  rf-shielding 
cage  constructed  from  evenly-spaced  conducting  wires. 
The  purpose  of  the  this  work  is  to  extend  the 
previous  study  to  include  the  effect  of  an  external 
solid  beam  pipe.  Simple  formulae  will  be  derived  for 
the  longitudinal  and  transverse  coupling  impedances 
in  the  long  wavelength  regime.  Numerical  examples 
will  be  given. 

2  THE  FIELD  AND  IMPEDANCE 

The  system  considered  here  is  shown  in  Fig.  1.  A 
beam  having  a  circular  cross-section  of  radius  rj  and 
a  uniform  charge  distribution  is  propagating  inside  of 
an  rf-cage  composed  of  N  conducting  wires  extended 
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in  the  direction  parallel  to  the  beam.  The  beam  and 
the  rf-cage  are  surrounded  by  a  conducting  beam  pipe 
with  radius  rt.  For  simplicity,  we  shall  limit  our 
discussion  to  the  geometry  in  which  wires  are  evenly 
distributed  over  a  circle;  the  surrounding  pipe  and  the 
rf-cage  is  positioned  concentric  with  the  beam.  The 
radius  of  the  rf-cage,  measured  from  the  center  of  the 
cage  to  the  centers  of  wires,  is  rc.  We  assume  that 
the  pipe  and  wires  are  electrically  grounded  and  all 
wires  have  the  same  circular  cross-section  of  radius  pw. 
The  discussions  here  will  be  restricted  to  the  regime 
Pw  <  rc  and  N  »  1. 


Fig.  1.  Cross-sectional  view  of  a  beam  inside  an  rf- 
cage  and  beam  pipe,  rt,  rc,  and  rt,  are  the  radii  of  the 
beam  pipe,  the  rf-cage,  and  the  beam,  respectively.  A 
is  the  angle  subtended  by  two  adjacent  wires,  and  pw 
is  the  radius  of  a  wire. 

Although  one  can  estimate  the  impedance  in 
the  long  wavelength  regime  by  solving  the  two- 
dimensional  electrostatic  field  using  various  techniques 
like  the  image  method  etc.,  we  elect  to  use  the  three- 
dimensional  treatment  here.  This  approach  allows  one 
to  examine  the  frequency  dependence  of  the  impedance 
in  the  low  frequency  domain,  if  needed. 

We  choose  a  cylindrical  coordinate  system 
(r,  6,  z)  such  that  the  z-axis  coincides  with  the  central 
axis  of  the  beam,  and  we  shall  call  it  the  “global 
coordinate  system” .  In  order  to  conveniently  describe 
the  electric  field  near  an  individual  wire,  we  shall  also 
use  another  cylindrical  coordinate  system,  be  referred 
to  as  the  “local  coordinate  system”  in  the  following, 
(p,  ip,  z)  in  which  the  z-axis  coincides  with  the  central 
axis  of  a  wire  as  shown  in  Fig.  2. 
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Fig.  2.  The  local  and  the  global  coordinates  adopted 
in  this  study.  The  origins  of  the  local  and  the  global 
coordinates  are  located  at  the  center  of  beam  and  the 
center  of  a  wire,  respectively. 

We  now  consider  the  electrostatic  potential  due 
to  the  charge-density  perturbation  that  varies  in  the 
z-direction  according  to  elfez,  where  k  is  the  wave- 
number  of  the  perturbation.  The  Poisson  equation  we 
want  to  solve  is 

1  9  /  90\  1  d2$  d2<b  _  (  0,  if  rt  >  r  >  rb, 
r  dr  V  dr  /  r2  d62  dz2  \  —  aelkz/e0,  if  r  <  rb, 

(1) 

where  a  is  the  volume  charge  density  associated  with 
the  perturbation,  and  e0  is  the  permittivity  of  free 
space.  To  solve  Eq.  (1)  in  the  presence  of  wires, 
we  first  solve  the  equation  for  no  wire,  i.e.,  for  the 
boundary  condition  of  $  =  0  at  r  =  rt  only.  Then 
we  assume  that  in  the  region  of  rt  >  r  >  rc  each 
wire  induces  a  field  which  has  the  following  multipole 
expansion  in  the  local  coordinate: 

OO 

<j>w=  [AnKn(kp)  +  BnIn(kp)]ein^eikz  ,  (2) 

n=— oo 

where  In(x )  and  Kn(x)  are  the  nth  order  modified 
Bessel  functions  of  the  first  and  the  second  kind, 
respectively;  An  and  Bn  are  the  unknowns  to  be 
determined.  Applying  the  addition  theorem  of  Bessel 
functions  [8],  <j>w  can  also  be  expressed  in  the  global 
coordinate  variables.  Then  applying  the  boundary 
condition  of  <j>w  —  0  at  r  =  rt,  one  can  solve 
Bn  in  terms  of  An.  Because  of  the  symmetry 
embodied  in  the  system,  one  can  study  the  field  around 
wires  by  considering  the  electric  potential  around 
any  individual  wire.  Thus,  we  call  the  wire  under 
consideration  the  0th  wire  and  number  all  others  by 
their  relative  locations  with  respect  to  the  0th  wire. 
On  the  surface  of  each  wire,  the  potential  due  to 
the  induced  charge  should  cancel  that  due  to  the 
beam  plus  that  contributed  by  all  other  wires.  This 
requirement  leads  to  a  complicated  equation  for  An 
which  appears  to  have  no  closed-form  solution.  In 


the  regime  krt  -C  1,  it  is  possible  to  find  a  solution 
for  An  expressed  in  a  power  series  of  hn(kpw).  If 
the  coupling  among  multipoles  is  neglected,  the  lowest 
order  solution  is 
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where  =  ( arb/ke0)I\(krb ),  hn(x)  =  In(x)/Kn(x), 
A  =  2tt/N  is  the  angular  separation  between  two 
adjacent  wires,  and  is  the  distance  between  the 
centers  of  the  Oth  and  the  pth  wires. 

Using  the  solution  (3)  and  the  addition  theorem 
of  Bessel  functions,  one  can  derive  the  total  electric 
potential  in  the  region  of  r  <  rc.  Then  taking  the 
approximation  by  considering  n  =  0  (the  monopole 
solution)  only,  we  find  the  total  electric  potential  in 
the  region  of  r  <  rb  as 
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For  N  »  1  and  krt  -C  1,  we  can  apply  the  small 
argument  expansions  of  Bessel  functions  to  Eqs.  (3) 
and  (4)  to  yield 

Z||Ss!^[1  +  21n(^)+C|1]’  (5) 

where 

c  _ — 27V[ln(rt/re)]2 _ 

"  Nln(rt/rc)  -  ln(7r/„,)  +  ln[l  -  ( rc/rt)2N ]  ’ 

L  is  the  length  or  the  circumference  of  the  machine, 
Zq  =  3770,  and  the  wire  filling  factor  fw  is  defined 
as  the  ratio  between  the  angle  subtended  by  a  wire 
in  the  global  coordinate  system  9W,  and  A,  i.e.  fw  = 
9W/A  «  Npw/(nrc).'Note  that  hn(krt)  — >  oo  when 
rt  — >  oo.  Thus,  in  the  absence  of  the  external  beam 
pipe  Eqs.  (5)  and  (6)  reduce  to  the  previous  result.  [7] 
Next,  we  consider  the  electrostatic  potential  due 
to  a  transverse  perturbation  in  a  beam.  The  model 
of  the  perturbation  to  be  studied  here  is  a  shell  with 
surface  charge  density  varying  according  to  elkz  cos  9. 
The  Poisson  equation  is 
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We  again  start  the  analysis  by  solving  the 
Poisson  equation  in  the  absence  of  the  rf-cage.  Then 
the  field  due  to  the  induced  charge  on  wires  is 
considered.  In  contrast  to  the  case  of  longitudinal 
perturbation,  the  system  now  is  not  axisymmetric. 
Therefore,  the  multipole  expansion  coefficients  of  the 
field  due  to  the  induced  charges  on  each  wire  depend  on 
the  angular  location  of  the  wire.  Other  than  that,  the 
analysis  procedures  and  the  boundary  conditions  are 
the  same  as  in  treating  the  longitudinal  perturbation. 


where 

C±  «  [l  -  ( rc/rt )2]  |  [(rc/rt)2  +  (rt/rc)2]  ln[l- 

{rc/n)2N]  -  21n(7r/tl))||jV[l  -  (rc/rt)2]  -  21n(7r/w) 

+  [( rc/rt)2  +  (rt/rc)2]  ln[l  -  ( rc/rt)2N ]  j  .  (9) 

When  rt  — >  oo,  Z±  reduces  to  the  limits  of  no  external 
beam  pipe  obtained  before.  [7] 


3  CONCLUSIONS 

For  a  charged  particle  beam  propagating  inside  of  a 
beam  pipe  and  an  rf-shielding  cage  made  of  evenly- 
spaced  conducting  wires,  the  electrostatic  fields  due 
to  sinusoidal  longitudinal  and  dipole-mode  transverse 
perturbations  have  been  solved  analytically  for  the 
case  that  the  cage  and  the  wires  all  have  circular 
cross  sections.  It  was  assumed  that  the  beam  has 
a  uniform  charge  distribution  and  the  unperturbed 
system  is  azimuthally  symmetric.  We  have  derived 
simple  formulae  for  the  coupling  impedances  in  the 
long  wavelength  regime.  Numerical  examples  were 
presented  to  show  the  shielding  effects  of  the  rf-cage. 


NUMBER  OF  WIRES,  N 

Fig.  3.  A  numerical  example  of  as  a  function  of 
the  total  number  of  wires  N.  Where  is  calculated 
using  Eq.  (6). 


NUMBER  OF  WIRES,  N 

Fig.  4.  A  numerical  example  of  C±  as  a  function  of 
the  total  number  of  wires  N.  Where  C±  is  calculated 
using  Eq.  (9). 

After  obtaining  the  approximate  perturbed  field 
by  retaining  only  the  contribution  from  the  monopoles 
due  to  the  wires,  all  the  Bessel  functions  are  expanded 
to  derive  the  following  transverse  impedance  in  the 
long  wavelength  regime: 
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Abstract 

The  wake  fields  due  to  the  rough  surface  of  the  vacuum 
chamber  have  a  major  influence  on  the  beam  dynamics  in 
Linear  Colliders  and  Free  Electron  Lasers.  These  wake 
fields  mainly  consists  of  the  fundamental  tube  mode,  mod¬ 
ified  by  the  rough  boundary  condition,  which  decreases 
its  phase  velocity  to  the  speed  of  light.  Its  wavelength 
is  proportional  to  the  square  root  of  the  tube  radius  and 
the  roughness  depth  and  is  comparable  to  the  FEL  bunch 
length,  i.e.  in  the  order  of  10-30  micron.  To  study  this 
effect  with  the  beam  available  at  the  TESLA  Test  Facil¬ 
ity  (TTF)  the  use  of  tubes  with  an  artificially  increased 
roughness  is  suggested.  The  expected  pulse  power  of  these 
wakes,  caused  by  the  250  micron  bunch  carrying  a  charge 
of  1  nC,  can  reach  up  to  several  MW.  In  this  paper  a  prelim¬ 
inary  design  of  an  installation  of  a  surface  roughness  wake 
field  experiment  at  the  TESLA  Test  Facility  is  presented. 

1  INTRODUCTION 

The  conservation  of  a  small  emittance  is  a  major  require¬ 
ment  for  the  feasibility  of  the  experiments  in  Linear  Col¬ 
liders,  especially  for  the  FEL.  As  the  bunch  length  be¬ 
comes  very  short,  the  contribution  of  the  surface  roughness 
wake  fields  is  not  negligible  anymore.  The  longitudinal 
wake  fields  increase  the  energy  spread,  while  the  transverse 
dipole  wake  fields  increase  the  bunch  tails  offset  from  the 
axis. 

But  even  for  longer  bunches,  in  synchrotrons  or  damping 
rings,  the  roughness  wake  fields  might  have  an  influence 
on  beam  dynamics.  They  are  suspected  to  cause  sawtooth 
instabilities  [4]. 

However  the  model  used  do  describe  the  surface  rough¬ 
ness  wake  field  effect  [1,  2,  3]  has  to  be  verified  by  mea¬ 
surements. 

2  SURFACE  ROUGHNESS  WAKE 
FIELDS 

Due  to  the  small  corrugations  at  the  beam  pipe  the  funda¬ 
mental  mode  in  the  tube  is  slightly  modified.  By  this  means 
its  phase  velocity  is  decreased  to  the  speed  of  light  at  a  very 
high  frequency.  Its  group  velocity  is  very  close  to  the  speed 
of  light  but  does  not  reach  it.  No  mode  with  a  higher  radial 
dependency  experiences  the  same  [3].  The  bunch  is  excit- 
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ing  this  mode  only.  Thus  the  wake  field  consists  of  one 
single  mode  running  synchronous  with  the  bunch  (Fig  1). 

The  model  of  a  thin  dielectric  layer  can  be  employed  to 
estimate  the  wake  fields  [1]. 

In  the  monopole  case  (m  =  0)  an  estimation  for  the 
wave  number  is 

«-'-s  (1) 

where  a  the  tube  radius  and  S  the  rms  thickness  of  the 
surface  roughness.  The  factor  /  reflects  the  influence  of 
the  roughness  shape  and  its  size  in  comparison  to  the  wave 
length  of  the  rough  tube  mode.  It  is  in  the  order  of  1 .  These 
parameters  mainly  influence  the  frequency.  It  does  not  de¬ 
pend  on  any  periodicity  of  the  roughness,  if  the  number  of 
roughness  bumps  per  wavelength  of  the  rough  tube  mode 
is  sufficiently  large.  The  longitudinal  wake  function  is 

wj|(s)  =  ^  cos (k0s)  ■  e_a(i)s  (2) 

using  the  impedance  of  free  space  Zo  =  c 

denotes  the  speed  of  light.  The  attenuation  a  is  a  func¬ 
tion  of  the  tube  length  l  and  of  the  roughness  shape.  The 
wake  amplitude  is  inversely  proportional  to  the  waveg¬ 
uides  cross-section  The  dipole  case  can  be  described  simi¬ 
larly.  The  dipole  wake  field  has  the  same  frequency  as  the 
monopole  wake  field.  Its  amplitude  is  twice  as  large  as  in 
the  monopole  case  [2]. 

2. 1  Development  of  the  Wake  Field  Pulse 


Figure  1 :  Time  development  of  the  the  rf-wake  field  pulse 
created  by  a  250/zm  bunch  in  a  tube  with  5mm  radius  and 
an  rms  roughness  depth  of  50/rni. 
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The  normalized  wake  amplitude  stays  constant  inside  the 
Bunch.  The  rf-pulse  length  is  increasing  proportional  to 
the  tube  length.  Accordingly  the  pulse  power  of  a  rough¬ 
ness  wake  pulse  in  a  given  tube  is  constant  too,  while  its 
average  power  is  increasing.  The  attenuation  is  inversely 
proportional  to  the  tube  length  (Fig.  1). 


Figure  2:  Time  development  of  the  spectrum  of  the  rf-wake 
field  pulse  created  by  a  250/xm  bunch  in  a  tube  with  5mm 
radius  and  an  rms  roughness  depth  of  50^im. 


Fig.  3  shows  the  normalized  energy  spread  and  loss  fac¬ 
tor.  The  wave  number  k0  is  a  property  of  the  beam  pipe 
only,  within  the  range  of  validity  of  the  model,  i.e.  the 
bunch  length  has  to  be  larger  than  the  average  distance  be¬ 
tween  roughness  peaks.  For  larger  values  of  ko<rz  the  loss 
factor  becomes  rather  small,  but  the  energy  spread  is  still 
not  negligible. 

2.3  Wake  Fields  in  Waveguides  with  Different 
Apertures 

The  loss  factor  and  the  energy  spread  of  a  Gaussian  bunch 
in  a  cylindrical,  rough  waveguide  are 

kl°ss  =  ^H(fco^),  and  A E  =  Jj^A {k0az)  (5) 

They  are  inversely  proportional  to  the  cross-section  of 
the  wave  guide.  In  case  of  an  elliptical  waveguide  the  wave 
number  and  the  loss  factor  are 

fc°  =  f6~aT’  hoss  =  2 ^6H(fc°CT2)  (6) 

In  case  of  a  rectangular  waveguide  they  are 

k°  =  kloss  =  8 f&H(fco<Tz)  (7) 


The  bandwidth  of  the  rf-pulse  is  decreasing  with  the  tube 
length.  Fig  2  shows  the  development  of  the  frequency  spec¬ 
trum. 


2 

ko<5 


a  and  b  are  the  semi-axes  of  the  elliptical  or  half  the 
width  of  the  rectangular  waveguide  respectively. 

2.4  3D-Wake  Field  Calculations 


Figure  3:  Loss  factor  H  and  energy  spread  A  due  to  the 
rough  tube  mode  in  normalized  description. 

Introducing  a  normalized  description,  the  loss  factor  is 
[3]: 

Hfotr*)  =  .  (3) 

It  gives  the  energy  transported  by  the  rf-wave  traveling 
along  the  tube.  The  normalized  energy  spread  is: 

,2 

i  r°°  2  _ _  , 

A 2{k0az)  =  -=  /  Wq  ( ko<rzz)e  2  dz-e~^^o&z) 
V  2n  J — co 

(4) 


Beam  Direction 


Figure  4:  Surface  structures  of  a  rectangular  waveguide 
used  for  3dimensional  wake  field  calculation.  I.)  irises,  II.) 
cubes,  III.)  shifted  cubes  IV.)  chequered  and  V.)  2  periods. 

In  order  to  check  the  model  many  2-dimensional  calcu¬ 
lations  were  performed  up  to  this  point  of  time.  Now  the 
results  of  3-dimensional  calculations  are  presented  to  show 
the  validity.  Common  to  all  computations  is  the  use  of  a 
quadratic  waveguide  with  2mm  width,  only  to  verify  Eq.  7 
waveguides  with  arbitrary  aspect  ratio  are  used.  The  struc¬ 
ture  depth  as  well  as  the  bunch  length  are  100/rm.  Schemat¬ 
ics  for  the  used  surface  structures  can  be  seen  on  Fig.  4. 
Unless  otherwise  noted,  the  width  of  one  gap  or  one  iris  is 
100pm  too. 

The  wake  fields  show  the  same  sine-like  behaviour  as 
in  the  2-D  case.  The  calculated  loss  factors  and  energy 
spreads  (Fig.  5)  principally  follow  the  course  of  the  theo¬ 
retical  values  (Fig.  3,  turquoise  curves  in  Fig.  5).  Using  the 
”2  period  structure”  (Fig.  4.V)  the  wake  field  is  partly  com¬ 
pensated  (Diamonds  on  Fig.  5).  But  if  the  period  length  be¬ 
comes  shorter  in  comparison  to  the  bunch  length,  the  wake 
follows  the  curve  again. 
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Figure  5:  Comparison  of  loss  factor  and  energy  spread  of 
3D  calculations  to  theoretical  values.  The  star  marks  the 
2D  result  for  irises  in  a  rectangular  waveguide.  The  curves 
are  a  sector  of  Fig.  3 

3  THE  EXPERIMENT 

One  possibility  to  measure  the  surface  roughness  wake 
field  effect  is  the  measurement  of  the  energy  spread  and 
the  energy  loss  directly  with  the  beam.  Another  possibility 
is  to  guide  the  rf-fields  to  an  appropriate  detector,  where 
the  frequency  spectrum  is  measured.  However  the  distinct¬ 
ness  of  the  proof  of  the  surface  roughness  wake  fields  does 
strongly  depend  on  the  tube  length. 

3. 1  Proposal  for  Measurements  at  the  TTF 
Table  1:  Parameters  of  the  TESLA  Test  Facility  beam 


Bunch  Length  az[p m] 

>  250 

Beam  Energy  Eq  [MeV] 

240-390 

Bunch  Charge  Q  [nC] 

1 

Repetition  Rate  [Hz] 

10 

Bunch  Spacing  [ps] 

0.111 

Bunches  per  Bunch  Train 

1-7200 

The  parameters  of  the  beam  available  at  the  TTF  are 
given  in  Tab.  1.  Behind  the  TTF-FEL  undulator  is  some 
space  to  install  a  surface  roughness  experiment.  Since  it 
will  be  small  in  comparison  to  an  undulator  length  of  100m 
or  a  length  of  12km  for  the  TESLA-FEL  transfer  line,  an 
artificially  increased  roughness  has  to  be  attached  to  the 
tubes  used  for  the  experiment.  The  experiment  can  be  set 


Figure  6:  Scheme  of  the  Roughness  Wakefield  Experiment. 
The  bunch  travels  through  a  tube  with  artificially  increased 
roughness.  The  rf-pulse,  which  accompanies  the  bunch  is 
partially  reflected  out  by  an  OTR-screen  and  guide  to  a  de¬ 
tector. 

up  for  a  single  shot  mode.  The  expected  values  for  the  on 
the  beam  rf-wake  field  pulse  are  given  in  Tab.  3. 


Table  2:  Beam  Measurements:  loss  factor  and  energy 
spread  per  lm  rough  tube  at  240MeV. 


Tube 

a=4mm, 

6  =  50^tm 

a=3.3mm, 

S  =  75/xm 

k(7z 

Loss  Factor 

Rel.  Energy  spread  ^ 

1.118 

322 

1.4  xl0~3 

1.005 

602 

2.05  xlO-3 

Table  3:  RF-wake  field  pulse  per  lm  rough  tube 


Tube 

a=4mm. 

a=3.3mm, 

6  =  50/xm 

S  =  75/rm 

Frequency  [GHz] 

214 

192 

Pulse  Duration  ae  |^J 

65 

65 

Pulse  Energy 

0.32 

0.6 

Pulse  Power  [kW] 

4960 

9260 
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Abstract 

A  fast  and  accurate  hybrid  (analytical-numerical)  tech¬ 
nique  for  computing  the  normal  mode  tune-shifts  in 
rounded-rectangular  (stadium)  pipes  is  introduced  based  on 
Galerkin  method  together  with  a  smart  representation  of 
Poisson’s  equation  Green’s  function  in  a  rectangular  do¬ 
main.  Comparison  with  standard  finite-elements  and  fi¬ 
nite  difference  methods  shows  that  our  method  is  faster  and 
more  accurate,  requiring  no  numerical  differentiation. 

1  THE  PROBLEM 

Many  beam-pipe  cross-section  geometries  of  potential  in¬ 
terest  for  accelerators,  including  the  stadium-shaped  one 
recently  proposed  for  LHC  [3],  differ  from  the  rectangle 
only  by  the  rounding  of  corners,  or  the  substitution  of 
straight  sides  with  circular  arcs.  Computing  the  related  be¬ 
tatron  tune-shifts,  resulting  from  collective  (space-charge 
and  image)  effects  is  a  key  problem  to  prevent  resonant 
betatron  excitations  leading  to  potentially  harmful  beam 
instabilities.  The  normal  mode  coherent  and  incoherent1 
tune-shifts  can  be  written  in  terms  of  the  normal  mode 
Laslett  coefficients  e  as  follows  [2]: 

a  . . _  NRt0  . 


where2: 


■KvffiioL2 


L2  j  6xdx<f>(m^+  8ydy^im^ 


+  5xdx$^5ydy&im^  V2  j  ,  (2) 

$(im)  js  tjje  image-potential  produced  in  the  beam  pipe  by 
a  linear  charge  density  A  going  through  the  beam  center  of 
charge  r^,  N  is  the  number  of  particles  in  the  beam,  R  is 

*  Work  supported  in  part  by  INFN. 
t  On  leave  of  absence  from  KEK,  Tsukuba,  JPN. 
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'The  incoherent  and  coherent  regimes  correspond  to  r  ^  rb  =  req 
and  r  =  rbj£  req,  respectively,  req  denoting  the  beam  center  of  charge 
equilibrium  position  [2]. 

2The  pipe-shape  independent  space-charge  contribution  to  the  tune- 
shift  is  neglected  here  for  simplicity. 


the  machine  radius,  ro  is  the  classical  particle  radius,  L  is  a 
scaling  length  (usually,  the  maximum  pipe  diameter),  v  is 
the  nominal  tune,  and 


6x,y  =  ^x,y|r=rfc)  incoherent  regime, 

^ x .y  —  ( , y  -f-  bx  1, .yt, ) |x=r,i ,  coherent  regime. 


2  THE  METHOD 

For  computing  the  image  potential  in  rounded  rect¬ 
angular  geometries,  it  is  convenient  to  use  the  rectangular- 
domain  Green’s  function  gn  (henceforth  RDGF),  viz.  : 

$ (OTl)(r,r b)  =  -  Ag0(r,rb), 

^(l,rfc)=A[^/pi?(r,(fe)p£rt(/fc)d(fc+p/j(r,r6)  ,  (4) 
L  kJ^ 

where  go  is  the  free-space  Green’s  function,  the  unknown 
pai  are  obviously  nonzero  only  on  the  rounded  portion  of 
dSo ,  i.e.,  the  arcs  Ok,  and  Ik  is  the  arc-length  on  Ok- 
We  seek  a  hybrid  (analytical-numerical)  solution  of  eq. 
(4)  by  using  Galerkin  (moments)  method  [6],  whereby  we 
first  expand  the  unknown  ps: 

N 

PM  =  '£b^wikHk),  (5) 

n— 1 

into  a  suitable  (finite)  set  of  basis  functions 
{w[k\lk),...,w^\lk)},  defined  on  <rfc,  where 
{b[k\  ...,6^},  are  TV-dimensional  vectors  of  unknown 
coefficients,  and  then  enforce  the  (Dirichlet)  boundary 
conditions  on  the  arcs  Ok,  whence: 

f  $(lk,rb)winkHlk)dlk  =  0, 

J<Jk 

n  =  1,2, . . . , N]  k  =  1,2, . . .  ,P,  (6) 

thus  obtaining  a  block-matrix  linear  system: 

[L]  b  -  c.  (7) 

The  matrix  [L]  is  readily  shown  to  be  symmetrical,  positive 
definite  and  hence  non-singular.  The  components  of  b,  c 
and  L  are  explicitly  given  by  (5), 


=  -/  wlk\lk)g(lk,Lb)dlk, 

Jerk 
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i  =  1,2,...,  AT;  k  =  1,2, . . . , P,  (8) 

and: 

[L(tiq)h=!  [  9(lp,lq)w^(lp)wf(lg)dlpdlq, 

J  <JpJ  <7  q 

i,j  =  l,2,...,N,  p,q=l,2,...,P,  (9) 

where  the  upper  indexes  identify  the  block  sub-matrix,  and 
the  lower  ones  the  element  in  each  sub-matrix. 

Using  eq.s  (2)-(5),  once  (7)  has  been  solved,  the  Laslett 
coefficients  can  be  computed  without  resorting  to  numeri¬ 
cal  differentiation.  This  makes  the  proposed  method  defi¬ 
nitely  more  accurate  than  both  finite-differences  and  finite- 
elements. 


into/ewer  singular  integrals  in  [L] ;  ii)  no  polygonal  approx¬ 
imation  of  the  arcs  is  implied,  resulting  into  fewer  functions 
being  needed  for  a  given  accuracy. 

Letting  P  the  number  of  arcs  in  the  rounded  portion  of 
dSo,  the  system  (7)  has  rank  NP.  Computing  the  ma¬ 
trix  elements  requires  evaluating  up  to  PN(PN  —  l)/2 
double-integrals5.  These  latter  can  be  either  evaluated  nu¬ 
merically  using  standard  routines  appropriate  for  regular 
[7]  and  singular  integrands  [8],  or  analytically  [4].  Ma¬ 
trix  inversion  for  solving  (7)  is  not  the  most  demanding 
task,  in  view  of  the  typically  small  (NP  fa  20  )  L  matrix 
size.  In  all  numerical  simulations  below  we  truncated  (10) 
at  |m|  <  3  and  took  A <j>  =  7r/10,  corresponding  to  a  matrix 
size  NP  =  20. 


3  IMPLEMENTATION  AND 
COMPUTATIONAL  BUDGET 

Fast  and  accurate  numerical  solution  of  (7)  follows  from  a 
skillful  choice  of  the  RDGF  representation  in  (4)  and  the 
basis  functions  in  (S). 

A  rapidly  converging  series  expansion  of  the  RDGF  [5] 
,  which  explicitly  contains  the  (logarithmic)  singular  term 


OO 

9R(r,ri)  =  -  loS 

m—-oo 


Tl°(r,rb)T^(L,rb) 

T™(rlLb)TX(r,rhy 


(10) 


where: 


T™(r,rb)  =  1  4-  exp  [-2  \y-(-)pyb+2bm\  + 

-2 exp  |y-(— )pyb  +  26m|^]cos[^(z  — (-)9X(,)j,  (11) 


a,  b  being  the  rectangle  side  lengths. 

A  convenient  set  of  (partially  overlapping)  piece-wise 
parabolic  subdomain  basis  functions,  can  be  defined  in 
terms  of  the  local  angles  <j>  (we  drop  the  suffix  k  for  sim¬ 
plicity)  as  follows: 


Wi(4>)  = 


A^-(^-fr)2 
A  <j>2 


<j>i  -  A(/>(1  -  £ii)  <  <j)  <  fa  +  A</>(1  -  5jjv), 

*  =  1)  2,  (AT,  (12) 


4  NUMERICAL  RESULTS 
AND  CONCLUSIONS 

The  circular  pipe,  for  which  the  tune-shifts  are  known  ex¬ 
actly,  is  the  hardest  conceivable  test  case  for  the  proposed 
method  (largest  departure  from  rectangular  geometry).  It  is 
seen  from  Fig.  2  that  the  obtained  accuracy  is  very  good. 

Our  method  was  subsequently  applied  [4]  to  a  number  of 
different  proposed  geometries  relevant  to  LHC  [3], 

As  an  example  the  contour-level  plots  for  the  incoherent 
and  coherent  (both  normal  modes)  Laslett  coefficients  for  a 
stadium-shaped  pipe,  sketched  in  Fig.  3,  are  shown  in  Fig.s 
4-6. 

As  a  conclusion,  we  found  that  the  above  hybrid  ap¬ 
proach  is  comparatively  faster  and  more  accurate  than 
available  finite-element  and/or  finite-difference  techniques. 
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where  A 0  is  the  angular  discretization  step  (assumed  the 
same  for  all  arcs),  (j>  is  related  to  the  local  arc-length  l  by 
l  —  R<f>,  R  being  the  local  curvature  radius,  and  Srs  is  the 
Kronecker  symbol4.  The  relevant  local  coordinate  systems 
are  sketched  in  Fig.  1.  Note  that:  i)  the  choice  of  subdo¬ 
main  basis  functions,  rather  than  full-domain  ones,  results 


3It  is  easily  recognized  that  the  (logarithmic)  singularity  of  gR  appears 
in  the  Tj°  term. 

4For  i  =  1  ,N,  eq.  (12)  yields  the  correct  behaviour  at  the  points 
where  the  circular  arcs  join  the  straight  portions  of  dSo,  where  p3  can  be 
different  from  zero,  but  its  derivative  should  vanish. 


5Due  to  geometrical  (specular)  symmetries,  the  effective  number  of 
elements  to  compute  is  usually  smaller. 
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MEASUREMENTS  OF  TUNE  SHIFTS  WITH  AMPLITUDE  AT  LEP 


A.-S.  Muller* ,  J.  Wenninger,  CERN,  Geneva,  Switzerland 


Abstract 

The  beam  orbit  system  of  the  LEP  electron-positron  col¬ 
lider  is  able  to  store  the  beam  position  over  1000  turns  fol¬ 
lowing  a  deflection  by  a  horizontal  kicker.  A  precise  analy¬ 
sis  of  such  1000-tum  data  for  many  beam  position  monitors 
was  used  to  study  the  dependence  of  the  tune  on  the  hori¬ 
zontal  amplitude.  The  horizontal  tune  shift  with  amplitude 
was  determined  from  the  decay  of  the  beam  oscillation  for 
various  LEP  optics.  This  parameter  turned  out  to  be  an  im¬ 
portant  issue  for  the  LEP  high  energy  optics. 


1  MOTIVATION 

During  the  last  years  stronger  focusing  lattices  have  been 
developed  to  improve  the  LEP  performance  at  high  en¬ 
ergy  [1].  This  search  for  a  good  high  energy  optics  has  re¬ 
vealed  the  importance  of  the  horizontal  detuning  with  am¬ 
plitude  (anharmonicity)  to  guarantee  a  sufficient  aperture 
for  the  beam.  This  is  due  to  the  fact  that  with  the  regu¬ 
lar  tune  working  point  at  LEP  (the  fractional  part  of  Qh  is 
about  0.28)  a  large  detuning  with  amplitude  drives  particles 
on  the  third  order  resonance. 


2  DAMPED  COHERENT  OSCILLATIONS 

The  detuning  with  amplitude  can  be  determined  from  an 
analysis  of  “1000-tum”  measurements.  A  coherent  hori¬ 
zontal  oscillation  is  excited  by  a  single  kick  and  the  centre- 
of-charge  position  of  the  bunch  is  observed  over  1024  con¬ 
secutive  turns.  Figure  1  shows  such  a  1000-tum  measure¬ 
ment  for  one  BPM.  The  moment  of  the  kick  is  clearly  vis¬ 
ible.  A  phase  space  representation  of  the  same  dataset  is 
shown  in  figure  2  where  the  horizontal  centre-of-charge  po¬ 
sition  of  a  bunch  at  two  BPMs  with  a  distance  of  «  90°  in 
phase  is  plotted.  The  Courant-Snyder  invariant 

W  ~  x\  +  x2b 

can  be  calculated  from  the  measured  positions  at  the  two 
BPMs.  A  Fourier  spectrum  (“Lomb  periodogram”,  [2]) 
of  the  time  dependence  of  W  shows  the  tune  components 
(fig.  2).  The  third  order  components  as  well  as  the  change 
in  the  horizontal  tune  Qx  are  clearly  visible. 

A“global”  fit  to  the  single  BPM  1000-tum  data  using  a 
damped  oscillation  with  amplitude  dependent  frequency 
yields  the  coherent  damping  time  r.  The  coherent  damping 
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x/mm 


Figure  1:  Centre-of-charge  position  of  a  bunch  versus  turn 
number  at  an  arc  monitor.  The  kick  and  the  subsequent 
damped  oscillation  are  clearly  visible. 


at  LEP  is  composed  of  radiation  and  head-tail  damping: 


l/^coh  1/To  +  1  /^head-tail 


With  1  /T head-tail  ~ 


where  Q'  is  the  chromaticity,  /„  the  bunch  current  and  E0 
the  beam  energy. 


-4  -2  0  2  4 
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Figure  2:  Upper  plot:  Centre-of-charge  position  of  a  bunch 
after  a  kick  at  two  BPMS  with  a  distance  of  90°  in  phase. 
Lower  plot:  Fourier  spectrum  ( “Lomb  periodogram  ”)  of  the 
Courant-Snyder  invariant  W.  The  detuning  with  amplitude 
is  clearly  seen  on  Qx  and  3  Qx  and  2  Qx  +  Qy  are  present. 
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Figure  3:  Centre-of-charge  position  of  a  bunch  versus  turn 
number  at  an  arc  monitor.  The  upper  two  plots  show  data 
and  the  results  of  a  “global"  fit  to  the  oscillation.  The  third 
plot  is  an  overlay  of  data  and  fit  results  and  the  fourth  shows 
the  difference. 


This  relation  holds  down  to  very  low  bunch  currents.  No 
filamentation  effect  is  observed  down  to  the  smallest  mea¬ 
surable  currents.  In  general  the  head-tail  effect  is  the  dom¬ 
inating  damping  mechanism.  Figure  3  shows  such  a  global 
fit.  The  first  plot  shows  the  measured  data,  the  second  one 
the  results  of  the  fit  and  the  third  an  overlay  of  measure¬ 
ment  and  fit  results.  The  last  plot  of  fig.  3  shows  the  fit 
residuals.  Obviously  the  damping  behaviour  is  very  well 
reproduced  by  the  fit  model. 


3  EXTRACTING  THE  HORIZONTAL 
DETUNING  WITH  AMPLITUDE 

A  series  of  fits  is  used  to  extract  the  horizontal  detuning 
with  amplitude  from  the  1000-turn  measurements.  Using 
the  damping  time  from  the  previously  mentioned  “global” 
fit,  the  tune  evolution  with  time  is  extracted  by  fitting 
damped  harmonic  oscillations  to  subsamples  of  several 
turns.  The  results  of  such  fits  to  the  data  of  fig.  1  are  shown 
in  fig.  4  where  the  resulting  tune  is  plotted  as  a  function 
of  the  turn  number.  The  horizontal  detuning  with  ampli¬ 
tude  ( dQx/dWx )  is  given  by  the  dependence  of  the  tune 
Q  on  the  Courant-Snyder  invariant  W.  The  latter  is  easily 
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Figure  4:  Tune  evolution  corresponding  to  the  damped 
bunch  oscillation  shown  in  figure  1. 
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calculated  from 

W  —  1  x2  +  2axx'  +  px'2  «  -A2//? 

with 

A  =  A0e~t/T 

where  r  is  the  damping  time  and  A0  the  zero  turn  ampli¬ 
tude.  x  stands  for  a  single  particle  position  and  A  denotes 
the  measured  amplitude  of  the  centre-of-charge  oscillation 
of  a  bunch.  Figure  5  shows  the  relation  between  tune  Q  and 
Courant-Snyder  invariant  W  for  one  BPM.  The  detuning  is 
given  by  the  slope  using: 


Q=Q°+mw 

This  analysis  is  applied  to  all  240  beam  position  monitors 
of  the  arcs  in  order  to  improve  the  statistics  for  a  reliable 
measurement.  Averaging  over  all  arcs  also  cancels  peri¬ 
odic  perturbations  like  /3-beating.  The  statistical  error  is 
given  by  the  standard  deviation  of  all  single  measurements 


Q 


Figure  5:  Tune  as  function  of  Courant-Snyder  invariant  for 
the  data  sample  shown  in  fig.  1  and  fig.  4  {the  straight  line  is 
a  fit  to  the  data). 
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Figure  6:  Horizontal  detuning  with  amplitude  for  the  LEP 
physics  optics  with  horizontal/vertical  phase  advance  in  the 
arcs  of 90/60,  102/90  and  108/90  degrees. 


(cr/'/N).  Simulation  studies  of  the  systematic  error  with 
the  mad  simulation  program  [3]  show  that  the  method  is 
reliable. 

Datasets  for  several  optics  have  been  analysed.  The  results 
are  shown  in  tab.  1  and  fig.  6.  The  histograms  of  fig.  6  rep¬ 
resent  the  distributions  of  measurements  for  all  arc  moni¬ 
tors.  The  distributions  are  consistent  with  a  Gaussian  shape 
and  are  clearly  separated.  Although  the  measured  detuning 
is  usually  larger  than  the  predictions  for  a  perfect  machine 
there  is  a  reasonable  agreement  between  measurements  and 
predictions.  A  more  detailed  description  of  this  topic  can 
be  found  in  [4]. 

4  DETUNING  OPTIMISATION 

Three  horizontal  sextupole  families  are  used  to  optimise  the 
chromaticity  and  tune  shifts  with  amplitude.  The  detun¬ 
ing  can  be  trimmed  around  its  nominal  value  by  changing 
the  strength  K  of  sextupole  families  in  opposite  directions 
while  keeping  the  chromaticity  constant  (ni  Kf+n3  K3  = 
const  where  n i  and  n3  are  the  number  of  sextupoles  in 


Optics 

dQx/dWx  [103/m] 

MAD 

Measured 

90/60 

1.7 

6.2  ±  0.8 

102/90 

7.0 

7.2  ±  1.0 

108/90 

25.0 

34.0  ±  1.0 

Table  1 :  Measured  and  predicted  horizontal  detuning  with 
amplitude  for  three  LEP  physics  optics.  The  errors  include 
statistical  and  systematic  uncertainties. 


different  sextupole  settings.  Measurement  errors  are  drawn. 
The  size  of  the  systematic  error  is  given. 


the  families).  The  horizontal  detuning  with  amplitude  has 
been  measured  for  several  such  settings  of  the  sextupoles. 
Figure  7  shows  that  the  detuning  can  be  changed  in  a  con¬ 
trolled  way.  The  measurement  errors  are  drawn  and  the 
systematic  uncertainty  is  shown. 

5  SUMMARY 

Measurements  of  damped  coherent  oscillations  following 
a  horizontal  kick  have  been  used  to  study  the  horizontal 
tune  shift  with  amplitude.  The  horizontal  detuning  can  be 
extracted  in  a  precise  and  robust  way  and  the  measured 
tune  shifts  with  amplitude  confirm  predictions  of  the  LEP 
model. 
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Abstract 

Using  the  Hamiltonian  structure  of  the  Vlasov  equation,  we 
develop  a  general,  relativistic,  three-dimensional  model  of 
beam  transport  based  on  phase  space  moments  of  the  beam 
particle  distribution.  Evolution  equations  for  these  mo¬ 
ments  are  derived  from  the  non-canonical  Poisson  bracket 
for  the  Vlasov  equation.  In  this  model,  the  beam  cen¬ 
troid  experiences  the  full  non-linear  forces  in  the  system 
while  the  higher  order  moments  are  coupled  to  both  the 
centroid  and  to  various  spatial  derivatives  of  the  applied 
fields.  For  example,  when  moments  up  to  second  order  are 
retained,  the  physics  content  is  similar  to  considering  lin¬ 
earized  forces.  Given  the  large  number  of  equations  (there 
are  27  equations  when  all  second  order  moments  are  kept) 
and  their  algebraic  complexity,  the  use  of  symbolic  com¬ 
putation  in  the  derivation  was  critical  to  ensuring  the  cor¬ 
rectness  of  the  equations.  This  approach  also  allows  for 
analytical  verification  of  conservation  laws  associated  with 
the  model.  The  initial  investigations  [1]  have  considered 
only  externally  applied  fields,  however  in  principle  space- 
charge  forces  can  also  be  included.  We  discuss  the  neces¬ 
sary  extensions  to  the  basic  theory  needed  to  model  ioniza¬ 
tion  cooling  for  the  muon  collider[2]. 

1  INTRODUCTION 

Using  moments  to  construct  reduced  models  of  phase  space 
dynamics  is  not  a  new  idea;  for  example,  see  Refs.  [3,  4] 
for  a  linac  application  and  Ref.  [5]  for  general  approach  to 
Hamiltonian  field  theories.  The  desire  such  models  is  clear. 
Tracking  individual  particles  is  computationally  very  inten¬ 
sive  (if  reasonable  statistics  are  to  be  obtained)  and  in  many 
instances  the  detailed  information  that  tracking  produces  is 
not  of  great  interest.  Furthermore,  often  the  beam  dynam¬ 
ics  is  largely  linear  so  representing  the  bulk  of  the  beam 
by  particles  is  inefficient.  One-dimensional  moment  equa¬ 
tions  are  of  significant  pedagogical  interest  as  they  provide 
a  simple  means  for  understanding  a  variety  of  elementary 
beam  dynamics.  While  such  models  are  of  little  use  in  de¬ 
tailed  studies  of  beam  transport,  there  still  exists  the  pos¬ 
sibility  of  extracting  much  of  the  beam  behaviour  without 
resorting  to  tracking  individual  particles. 

Here  we  present  a  formalism  for  a  general,  fully  rel¬ 
ativistic,  three-dimensional  moment  description  of  beam 
transport  based  upon  the  noncanonical  Hamiltonian  struc¬ 
ture  of  the  Vlasov-Poisson  equation  [6].  This  approach  has 
many  attractive  features.  By  using  a  formulation  based 
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on  Poisson  brackets,  derivation  of  the  equations  of  mo¬ 
tion  for  the  moments  is  purely  mechanical  and  is  ideally 
suited  to  the  application  of  symbolic  manipulation.  In  this 
approach,  one  approximates  the  Hamiltonian  and  bracket 
in  terms  of  moments  and  then  uses  Hamilton’s  equations 
to  obtain  equations  of  motion.  Not  only  is  this  procedure 
less  cumbersome  than  directly  averaging  the  single  particle 
equations,  it  also  eliminates  the  difficulty  of  determining 
(in  a  more  less  ad  hoc  fashion)  a  consistent  ordering  of 
the  moment  expansion.  As  is  common  in  this  type  of  re¬ 
duction,  one  finds  that  even  when  the  external  forces  are 
linearized,  for  the  model  to  conserve  energy  (and  typically 
other  invariants  also,  if  they  exist)  it  is  necessary  that  the 
evolution  equations  retain  various  terms  that  are  nonlin¬ 
ear  in  the  moments.  When  the  equations  are  derived  from 
a  Poisson  bracket  and  Hamiltonian  these  nonlinear  terms 
automatically  appear  as  needed.  Moment  representations 
are  intrinsically  statistical  in  nature  and  are  not  suscepti¬ 
ble  to  (nor  sensitive  to)  noise  associated  with  finite  parti¬ 
cle  affects.  Terms  in  the  moments  equations  have  two  ori¬ 
gins:  kinematic  terms  (i.e.,  those  terms  associated  with  the 
free-streaming  of  phase  space)  and  terms  associated  with 
electromagnetic  forces.  It  turns  out  the  that  the  kinematic 
terms  have  the  form  of  an  expansion  in  the  reciprocal  of 
the  centroid  7-factor  while  the  electromagnetic  forces  are 
essentially  Taylor  expanded  about  the  centroid  location  to 
an  order  that  depends  on  the  order  of  the  moments  being 
retained.  Typically  one  finds  that  the  moment  equations  do 
not  close,  i.e. ,  the  equations  of  motion  for  a  set  of  moments 
of  a  particular  order  tend  to  include  couplings  to  moments 
of  higher  order.  There  are  numerous  methods  for  imposing 
a  closure.  The  observation  that  the  moment  model  is  a  com¬ 
bination  of  an  asymptotic  expansion  in  7-1  and  a  Taylor 
expansion  of  the  applied  forces  means  that  for  even  mildly 
relativistic  beams  (7  ~  2)  and  for  forces  that  do  not  vary  to 
drastically  over  the  extent  of  the  beam,  simple  truncation  is 
a  reasonably  accurate  closure.  It  is  also  the  case  that  impos¬ 
ing  a  closure  may  well  destroy  the  Hamiltonian  structure  of 
the  moment  system  (in  the  sense  that  the  bracket  typically 
no  longer  satisfies  the  Jacobi  identity).  While  philosophi¬ 
cally  one  might  prefer  an  approximation  that  fully  retains 
the  Hamiltonian  character  of  the  underlying  dynamics,  this 
loss  does  not  lessen  the  power  of  the  bracket  approach  to 
deriving  equations  of  motion. 

2  HAMILTONIAN  FORMULATION  OF 
THE  VLASOV  EQUATION 

We  examine  the  simplest  case  where  we  ignore  the  self¬ 
interactions  of  the  beam  (i.e.  we  ignore  space  charge  ef- 
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fects),  although  more  general  models  are  possible.  In  this 
case,  the  beam  dynamics  are  governed  by  the  relativistic 
Vlasov  equation  with  external  fields: 


where  /  is  the  phase-space  particle  density,  q  and  m 
are  the  particle  mass  and  charge,  respectively  and  Vp  = 
d/dp.  Writing  the  particle  phase-space  distribution  func¬ 
tion  in  terms  of  the  canonical  momentum,  p,  the  relativistic 
Vlasov  equation  can  be  written  as  [6]: 

%  =  (2) 
where  the  Hamiltonian  H  is  given  by: 

H  =  j i3r  d3p  (7  m  c2  +  </>)  /(r,  p) .  (3) 

The  (noncanonical)  Poisson  bracket  { • ,  •  }  of  any  function¬ 
als  F  and  G  of  /  is  given  by 

{F,G}  =  j  d3r  d3p  f  (4) 

where  [  • ,  •  ]  is  the  usual  phase-space  Poisson  bracket: 

[F,G]  =  VF-  VPG-  VG-  VPF.  (5) 


For  the  purposes  of  studying  charged-particle  optics,  it 
is  more  convenient  to  express  /  in  terms  of  the  mechan¬ 
ical  momentum,  p  =  p  -  q/cA,  where  A  is  the  vector 
potential.  Under  this  coordinate  transformation 


d  d  q  dA 

dt  dt  c  dt  p’ 

(6) 

i 

) 

(7) 

V— >  V  —  -  V  Ak-z — ■ 
c  dpk 

/—v 

OO 

^ ' 

Applying  this  change  of  variables  to  the  brackets  gives, 


where  [  • ,  •  ]  is  given  by  (5)  with  p  replaced  by  p  and 
we  will  subsequently  suppress  this  subscript.  The  Vlasov 
equation  now  reads 


d£ 

dt 


q  dA 
c  dt 


■Vpf  =  {f,H} 


(10) 


Upon  close  examination  of  (10),  we  see  that  —(\/c)dA/dt 
enters  the  expression  for  df  /dt  in  exactly  the  same  way  as 
does  V0.  The  following  trick  is  useful  (but  not  necessary): 


make  the  formal  identification1  Vip  =  V<p+(l/c)dA/dt, 
and  write  (10)  as 

!  =  {'■*}•  <•» 

where  H  is  obtained  from  H  by  the  replacement  4>  — >  <p. 
The  chain  rule  can  then  be  used  to  obtain  the  time  derivative 
of  any  functional  of  /: 


3  MOMENT  EQUATIONS 

Our  moment  models  are  based  on  an  expansion  of  the  phase 
space  coordinates  about  the  location  of  the  beam  centroid: 

3j  =  (3  j)  +  ^iji  (13) 

where  =  {x,y,  z,px,py,pz}  and  (•)  is  the  nor¬ 

malized  phase-space  average.  To  simplify  the  presentation, 
we  keep  moments  only  up  to  second  order,  but  it  is  clear 
that  these  procedures  can  be  carried  out  to  arbitrary  order. 
We  define 

Mi  =  (ii)  and  My  =  ■  (14) 

The  first  order  moments,  M*,  represent  the  beam  centroid, 
while  the  second-order  moments,  My,  represent  the  phase- 
space  extent  of  the  beam. 

Substituting  (13)  into  the  expression  for  H  and  keeping 
terms  through  second  order  in  5$t,  we  obtain  a  Hamiltonian 
for  the  moment  system: 

H  =  /o  (70 me2  +  qtp)  -  f0  — -  |(^)(px)2 

+  ( SPl )  M2  +  {hi)  {Pz)2  +  2 (6pX  6py)  (px)  ( Py ) 

+  2(6px  5pz)  (px)  (pz)  +  2(Spy  Spz)  (py)  (pz) 

+  fo  ( {hi)  +  {hi)  +  {hi) ) 

f  ( 5x 2)  dEx  { 6y 2)  dEy  (8z2)  dEz 

0  ®  [  2  dx  2  dy  2  dz 

+  (SxSy)  ^  +  (Sx8z)  ^  +  {Sy5z)  ^  j  ,  (15) 

where  70  =  [l  +  ((px)2  +  ( Py )2  +  (pz)2)/{m2  c2)] 1/2 , 
fo  =  fd3rd3p  /,  and  all  external  fields  are  evaluated  at 
the  centroid  position. 

Since  moments  are  clearly  functionals  of  /,  (12)  and  (9) 
give  the  necessary  equations  of  motion.  In  evaluating  (9), 

1  In  general  this  is  equation  is  not  solvable  for  <p;  the  solvability  condi¬ 
tion  is  dB /dt  =  0. 
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note  that  for  a  functional  of  f  that  can  be  written  as  &  func¬ 
tion  of  the  moments  alone,  i.e.,  F[f]  =  F(Mi,Mij),  we 
have 

5F  dF  5Mi  dF  SMij 
5f  ~  dMi  Sf  +  8Mij  Sf 
dF  1  _  dF  1 
~  dMi  f03i  + dMij  f0h3j' 

Combining  the  above  we  can  write  the  equations  of  motion 
for  the  moments: 

M  =  {  Mi,  fi\  and  Afy  =  {  My  ,  H  }  .  (17) 

While  evaluating  (17)  is  conceptually  straightforward, 
these  equations  are  both  numerous  (there  a  total  of  27  mo¬ 
ments  through  second  order)  and  algebraically  very  com¬ 
plex.  To  overcome  this  complexity  and  to  ensure  the 
correctness  of  the  resulting  equations,  we  have  imple¬ 
mented  (9),  (12),  and  (16)  using  symbolic  algebra.  In  ad¬ 
dition  to  deriving  the  equations,  our  symbolic  algebra  pro¬ 
gram  also  produces  the  necessary  source  code  for  the  nu¬ 
merical  implementation  of  these  equations.  This  approach 
not  only  increases  our  confidence  that  the  final  simula¬ 
tion  code  is  correct  but  also  enables  symbolic  identification 
and  verification  of  a  variety  of  conserved  quantities  (which 
are  then  used  as  diagnostics  in  the  simulation).  Examples 
of  such  invariants  include,  energy,  six-dimensional  emit- 
tance  (det  Mtj),  angular  momentum  (in  axially  symmetric 
systems),  and  longitudinal  and  transverse  emittance  sepa¬ 
rately,  in  systems  where  the  dynamics  decouples. 

Note  that,  exactly  one  expects,  the  first  two  terms  in  H 
are  the  Hamiltonian  for  a  single  particle,  whose  trajectory 
is  that  of  the  beam  centroid.  As  higher  order  moments  are 
added  to  the  model,  this  “particle”  acquires  internal  struc¬ 
ture  (in  6 -d  phase  space)  which  results  in  additional  terms 
in  the  equations  of  motion  of  the  first  order  moments. 

4  APPLICATION  TO  MUON  COOLING 

To  study  the  ionization  cooling  of  muons  we  must  extend 
our  formulation  to  include  the  non-Hamiltonian  interaction 
of  the  beam  with  material  absorbers.  This  interaction  can 
be  divided  into  inelastic  (ionization  energy  loss)  and  elas¬ 
tic  (“multiple  scattering”)  parts.  The  inelastic  part  can  be 
viewed  as  a  frictional  force  in  the  direction  of  the  beam  mo¬ 
mentum  and  the  contributions  to  the  moment  equations  can 
be  found  by  taking  appropriate  averages  of  this  force  term. 
The  elastic  piece  is  due  to  small  angle  scattering  in  random 
directions,  and  thus  can  only  be  included  in  a  statistically 
averaged  sense.  We  have  developed  a  simulation  code  that 
takes  these  effects  into  account  for  studying  a  section  of  the 
transverse  cooling  channel  [7]  of  the  muon  collider.  Our 
preliminary  results  [2]  show  that  the  moment  model  is  in 
very  good  agreement  with  particle  tracking  studies  and  the 
simulation  promises  to  be  a  useful  design  tool. 


5  CONCLUSIONS 

We  have  presented  a  formalism  for  constructing  models  of 
beam  dynamics  based  upon  moments  of  arbitrary  order.  It 
is  also  possible  to  construct  “semi-discrete”  models;  for  ex¬ 
ample,  by  averaging  only  over  the  transverse  phase  space, 
one  obtains  a  system  where  the  transverse  dynamics  are  de¬ 
termined  by  moments  while  a  full  kinetic  description  is  re¬ 
tained  longitudinally.  One  can  also  envision  constructing  a 
Sf  method  using  a  moment  formalism  to  represent  the  core 
of  a  beam.  Such  a  method  could  yield  important  kinetic 
information  (say  for  studies  of  halo  formation)  without  the 
computational  burden  of  using  particles  to  model  the  beam 
core.  As  an  application  of  moment  methods,  we  have  stud¬ 
ied  an  ionization  cooling  channel  for  the  muon  collider  and 
have  found  close  agreement  between  our  simulation  and 
full  particle  tracking,  verifying  the  utility  of  moments  mod¬ 
els  as  design  tools.  Here  we  have  closed  the  system  by  dis¬ 
carding  higher-order  moments,  however,  other  closures  are 
equally  justified:  for  example,  one  can,  by  ignoring  cor¬ 
relations,  approximate  the  higher  moments  using  products 
of  lower  order  moments.  Understanding  how  the  choice  of 
closure  affects  the  accuracy  of  the  model  will  be  the  subject 
of  future  work. 
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Abstract 

We  present  initial  results  of  the  optics  calibration 
project  of  the  LNLS  UVX  electron  storage  ring  by  the 
use  of  the  response  matrix  formalism. 


1  INTRODUCTION 


Motivated  by  recent  works  in  the  literature  [1],  the 
Accelerator  Physics  Group  of  the  LNLS  is  currently 
developing  a  plan  for  the  UVX  optics  calibration 
through  a  linear  response  formalism  known  as  response 
matrix  theory.  The  response  matrix  is  a  well-behaved 
function  of  the  machine  parameters.  Besides  optics 
parameters,  the  procedure  is  used  to  obtain  values  for 
the  calibration  of  the  orbit  correction  system,  that  is, 
BPM  and  steering  magnet  gains. 

The  response  matrix  Mf  ’j"  is  defined  by  the 
relation 

Ax;m  =  MffAd-  , 


where  AxJ  is  the  orbit  change  in  the  j-th  BPM  in  the  m 


plane  after  a  small  kick  A in  the  i-th  steering  magnet 


in  the  k  plane.  In  the  linear  approximation,  one 
assumes  small  coupling  between  the  planes  such  that 
the  matrix  is  close  to  zero  for  k*m.  An  optics 
calculation  program  is  used  to  determine  the  machine 
optics  functions  and  the  response  matrix  model.  For 
most  practical  purposes,  the  MAD  program  [2]  is  a 
convenient  tool.  A  figure  of  merit  function  is  then 
defined 


*2([p])=X£ 

k,m  i,j 


[M*f([p])- 


M,kf]2 


where  [p]  represents  all  parameters  entering  in  the 
calibration,  M  is  the  experimental  matrix  and  0V2  is 


the  error  associated  to  the  matrix  elements.  From  the 
numerical  point  of  view,  the  essence  of  this  work  is 
summarized  in  the  following  way:  given  the 
experimental  matrix,  find  all  the  corrections,  f  Ap] ,  to 


all  relevant  parameters  in  such  a  way  that  the  model 
matrix  is  as  close  as  possible  to  the  experimental  one. 
As  one  approaches  the  minimum,  the  chi-squared 
function  ideally  gets  close  to  the  actual  number  of 
degrees  of  freedom  of  the  system. 


2  ASSOCIATED  ERRORS 

In  previous  works  the  matrix  error  is  taken  as  the  noise 
level  at  each  BPM  [1].  Given  the  definition  of  the 
experimental  response  matrix,  the  error  associated  to 
each  of  its  elements  is  given  by  the  function 

°.j2  + 

where  <jbm/>  is  the  noise  level  of  the  monitors 
(admitted  the  same  for  all  monitors)  and  ae  the 

standard  deviation  associated  to  the  corrector  system 
(also  assumed  the  same  to  all  steering  magnets).  This 
last  equation  means  that,  even  if  the  noise  level  of  the 
BPM  were  zero  (ideal  monitors),  the  experimental 
matrix  would  suffer  from  the  uncertainty  associated  to 
each  corrector  strength.  However,  the  noise  level  of  the 
steering  magnets  is  understandably  energy-dependent. 
The  matrix  error  can  be  easily  measured  by  taking 
several  measurements  of  the  matrix  elements  for  a 
given  steering  magnet  and  then  finding  the  standard 
deviation  from  the  average  value.  For  the  UVX  ring  of 
the  LNLS  machine,  at  the  energy  1.37  GeV,  the 
corrector  system  has  little  effect  upon  the  matrix 
elements.  The  same  is  not  true  at  lower  energies,  e.  g., 
300  MeV,  where  we  could  find  a  significant  effect  of 
the  steering  magnet  errors  (see  Figure  1). 


Figure  1:  Measured  standard  deviation  of  the  vertical 
response  matrix  for  the  corrector  ACV03A  at  300  MeV 
in  terms  of  the  module  of  the  matrix  element  (effect  of 
the  corrector  noise  for  large  element  values). 
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In  this  report  we  will  present  results  in  the  high-energy 
range.  Therefore,  the  response  matrix  error  is  given  by 

„  ®  BPM 

<3  ~  - . 

•j  a  e 

For  the  LNLS  machine,  this  standard  deviation  is 
around  7mm/rad,  given  initial  corrector  kicks  of  0.2 
mrad.  For  a  certain  obtained  calibration,  therefore,  the 
chi-squared  value  increases  as  the  intensity  of  the 
corrector  kickers  decreases.  Beyond  a  certain  level, 
however,  other  systematic  errors  may  perturb  the 
minimum  of  %2  such  as  non-linear  effects  in  the  BPM 
system. 

3  CHOOSING  THE  PARAMETERS 

Due  to  numerical  limitations,  the  list  of  parameters 
entering  in  the  optics  calibration  can  not  include  all 
possible  elements.  Moreover,  the  number  of 
parameters  should  be  smaller  than  the  number  of 
available  data,  if  the  calibration  process  is  to  have 
statistical  value.  The  LNLS  machine  has  a  system  of  36 
quadrupoles  divided  into  14  independent  families,  23 
monitors,  24  and  18  steering  magnets  for  vertical  and 
horizontal  correction  respectively.  We  have  chosen  to 
calibrate  for  quadrupole  and  dipole  gradient  errors 
(there  are  12  dipoles),  steering  magnets  and  corrector 
gains  and  eventually  the  energy-shift  [1]  associated  to 
the  correctors  in  the  horizontal  plane.  The  energy-shift 
correction  at  each  corrector  is  easily  included 
since  it  is  given  by  the  simple  formula 

aL ’ 

where  77  *is  the  dispersion  function  at  the  j-th 

corrector,  a  is  the  momentum  compaction  factor  and  L 
the  machine  circumference.  We  said  above 
‘eventually’  because  this  energy-shift  factor  is  a 
function  of  the  model  lattice  and,  therefore,  should 
consistently  be  accounted  for  in  the  model  horizontal 
matrix  by  the  optics  calculation  program.  We  report 
that  the  inclusion  of  the  corrector  energy-shifts  as 
fitting  parameters  showed  little  effect  upon  the  final 
value  of  the  minimum.  The  final  total  number  of 
parameters  used  in  the  fitting  was  131  while  the 
number  of  data  points  (elements  of  the  matrix)  is  966. 

4  SEARCHING  FOR  THE  MINIMUM 

Compared  to  other  works  [1],  we  have  used  a  slightly 
different  numerical  procedure  in  order  to  determine  the 
characteristic  linear  system  of  equations  for  the 
parameter  calibration  [3],  The  set  of  parameter 
corrections  is  obtained  by  solving  the  linear  system  of 
equations 

Cn,APr  =  Bn  , 

with 


and 


C.,r=YL 


k,m  i,j 


1  dMkf  dMkf 

V  dpn  dpr  ’ 


r  k,m 


ZE 

k,m  i,j 


(  Mkf  -  Mkf)  dMf  'j 
a  2  dp 

ij  *  n 


where  the  index  n  runs  over  all  possible  parameters. 
Convergence  is  attained  by  singular  decomposition 
methods.  [3].  The  matrix  C  may  present  singular  value 
as  a  result  of  physical  or  numerical  degeneracies.  A 
well  known  example  is  the  fact  that  multiplying  all 
monitor  gains  by  a  certain  factor  while  dividing 
corrector  gains  by  the  same  factor  leaves  the  matrix 
unchanged.  The  calibration  of  gains  produces  therefore 
relative  values,  the  above  mentioned  factor  should  be 
later  adjusted,  for  instance,  by  suitably  matching  the 
experimental  and  model  dispersion  functions. 


5  SOME  INITIAL  RESULTS 

The  response  matrix  of  the  UVX-LNLS  storage  ring 
was  measured  several  times  during  the  machine  study 
sessions  in  1998  at  the  highest  energy  of  1.37  GeV  and 
average  current  of  100  mA.  Some  of  the  measurements 
were  performed  with  sextupoles  turned  off  in  order  to 
avoid  non-linear  quadrupole  components  in  the  model 
lattice.  Moreover,  coupling  effects  were  also 
minimized.  Initially,  we  have  imagined  that  quadrupole 
fitting  would  be  straightforward.  Such  impressions 
proved  itself  naive  in  face  of  the  average  distance 
between  the  experimental  and  model  matrices, 
980mm/rad  in  the  vertical  plane  and  450  mm/rad  in  the 
horizontal  one.  This  was  far  above  the  expected  value 
of  the  matrix  standard  deviation  even  accounting  for 
kick  standard  deviations  and  indicated  that  the 
inclusion  of  BPM  and  corrector  gains  was  mandatory 
before  quadrupole  fitting  [4].  The  fitting  was  therefore 
performed  in  two  stages,  BPM  and  corrector  gains  first 
and  then  quadrupole  and  energy-shifts.  We  observed 
an  asymmetry  in  the  value  of  the  response  matrix 
elements  as  produced  by  either  positive  or  negative 
corrector  strengths.  Further,  in  order  to  minimize 
hysteresis  effects,  we  had  conveniently  cycled  each 
steering  magnet  before  measuring  the  matrix  elements. 
This  has  significantly  enhanced  measurement 
repeatability.  In  Figure  2  we  show  surface  graphics  of 
the  difference  between  the  measured  and  model 
vertical  matrices  before  and  after  calibration  for  the 
complete  set  of  parameters.  After  calibration  for  BPM 
and  corrector  gains,  the  average  distance  between  the 
model  and  experiment  became  150  mm/rad  in  the 
horizontal  plane  and  400  mm/rad  in  the  vertical  plane. 
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Figure  2:  Difference  between  the  experimental  and 
model  vertical  matrices  before  (above)  and  after 
(below)  calibration  (seen  in  the  same  scale). 

Inclusion  of  quadrupole  coefficient  further 
decreased  this  distance  to  60  mm/rad  in  the  horizontal 
plane  and  61  mm/rad  in  the  vertical  one. 

The  LNLS  orbit  correcting  system  underwent  an 
upgrade  in  the  end  of  1998,  which  enabled  us  to  check 
out  improvements  in  the  gains  of  BPM  and  correctors 
[5].  In  fact  we  were  able  to  find  (via  calibration  of 
gains)  an  improvement  of  up  to  10%  in  BPM 
calibration  compared  to  the  situation  before  the 
upgrade.  Also,  before  the  upgrade,  using  solely 
calibration  of  the  gains,  we  could  explain  the  large 
asymmetry  found  in  the  horizontal  dispersion  by 
deviations  in  the  BPM  calibration.  As  seen  in  Figure  3, 
the  calibration  could  fit  well  large  values  of  the 
dispersion  function,  while  the  small  discrepancies 
found  in  the  low  values  are  caused  mainly  by 
quadrupole  errors  (not  included  in  this  fit).  This  figure 
also  show  the  value  of  a  parameter  (k)  which  gives  the 
absolute  calibration  of  BPM  gains. 

6  CONCLUSIONS 

So  far  the  LNLS  machine  study  group  has  succeeded  in 
establishing  a  systematic  optics  calibration  process  by 
using  the  information  contained  in  the  response  matrix 
of  the  ring.  The  calibration  includes  the  fitting  of  BPM 
and  corrector  gains,  energy-shift  corrections  and 
quadrupole  forces  in  straight  quadrupole  and  dipoles. 
In  this  first  period,  we  have  written  down  the  main 
codes,  performed  some  measurements  and  debugged 


the  whole  processes.  The  chi-squared  minimum  value 
has  not  been  attained  yet,  indicating  the  existence  of 
unknown  parameters  (possibly  hidden  quadrupole 
components)  not  yet  included. 

Of  particular  importance  is  the  error  analysis  of  the 
response  matrix.  The  response  matrix  error  is 
composed  of  two  different  contributions  determined  by 
BPM  and  corrector  noises.  The  influence  of  correctors 
is  strong  in  the  low  energy  range  (around  300  MeV) 
while,  at  high  energy,  the  corrector  system  has  shown 
little  effect.  This  is  important  since  we  intend  to  map 
quadrupole  field  deviations  from  nominal  values  for 
the  entire  energy  range  covered  by  the  LNLS  machine 
(from  the  injection  energy,  120  MeV  up  to  1.37  GeV), 
and  the  matrix  error  has  to  be  dealt  appropriately. 
Results  in  this  direction  will  be  published  in  the  future. 


Monitor  Number 

Figure  3:  Measured  horizontal  dispersion  function 
(crosses)  and  fitted  (lines)  obtained  via  BPM  and 
corrector  gain  calibrations. 
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FIRST  RESULTS  OF  QUASI-ISOCHRONOUS  OPERATION  AT  LNLS 

Liu  Lin*  and  P.F.  Tavares  ,  LNLS,  Campinas,  Brazil 


Abstract 

We  have  started  a  program  at  LNLS  to  implement  a 
quasi-isochronous  operation  mode  at  the  1.37  GeV 
electron  storage  ring.  The  aim  is  to  explore  non-linear 
longitudinal  beam  dynamics  along  with  the  reduction  in 
the  electron  bunch  length.  To  characterize  the  modes  we 
have  set  up  an  electron  bunch  length  measurement  system 
which  uses  the  visible  light  emitted  from  a  bending 
magnet  and  a  commercial  fast  photodiode  with  a 
sampling  oscilloscope.  The  synchrotron  oscillation 
frequency  and  the  orbit  displacement  were  also  measured 
as  a  mean  to  assess  the  momentum  compaction  factor  a. 
Up  until  the  moment  a  reduction  of  a  factor  of  13  in  a 
was  obtained. 

1  INTRODUCTION 

We  describe  the  first  experiments  performed  at  the  LNLS 
synchrotron  light  source  where  the  momentum 
compaction  factor  is  reduced  in  order  to  reduce  the 
electron  bunch  length.  Similar  experiments  were  carried 
out  at  other  laboratories  [1].  The  equilibrium  bunch 
length  in  a  storage  ring  is  proportional  to  the  square  root 
of  the  linear  momentum  compaction  factor,  a,.  Since  a,  is 
proportional  to  the  integral  of  the  dispersion  function  in 
the  dipoles,  we  can  reduce  it  by  focusing  the  dispersion  in 
the  dipoles  so  that  a  negative  contribution  to  the  integral 
is  created  canceling  out  part  of  the  positive  contribution. 
In  principle,  by  shaping  the  dispersion  function  through 
the  dipoles,  the  momentum  compaction  factor  can  be 
made  as  small  as  desired  and  even  negative.  In  practice, 
however,  several  problems  related  to  higher  order 
longitudinal  resonances  and  beam  instabilities  limit  the 
value  of  a,  and  require  control  on  other  parameters  such 
as  higher  order  terms  of  the  momentum  compaction 
factor  and  rf  parameters.  We  present  in  this  report  the 
preliminary  results  of  our  efforts  to  operate  the  LNLS 
UVX  electron  storage  ring  in  a  quasi-isochronous  (QI) 
configuration. 

2  THE  QI  OPTICAL  CONFIGURATION 
AND  MIGRATION  FROM  STANDARD 
OPTICS 

The  LNLS  storage  ring  lattice  is  composed  of  six  double¬ 
bend  arcs  connected  by  six  long  straight  sections.  The 
lattice  is  flexible  enough  to  be  tuned  to  various  optical 
configurations.  In  the  standard  configuration,  which  is 


used  both  for  regular  user  operation  and  for  injection,  the 
arcs  are  made  achromatic,  which  leaves  the  long  straight 
sections  dispersion  free.  In  this  case  the  dispersion 
function  is  always  positive  and  corresponds  to  a 
momentum  compaction  factor  of  8.3  x  10'3.  To  reduce 
this  value,  we  overfocus  the  dispersion  function  at  the 
dispersive  sections  creating  a  negative  contribution  to  the 
dispersion  integral  in  the  dipoles.  A  six  fold  symmetric 
quasi-isochronous  model,  QI6,  is  calculated  for  UVX  in 
which  the  linear  momentum  compaction  factor  is  reduced 
by  a  factor  of  100  with  respect  to  the  standard  mode.  The 
bunch  length  should  then  be  reduced  by  a  factor  of  10, 
changing  from  approximately  40  ps  rms  to  4  ps  rms. 

The  betatron  tunes  were  adjusted  in  the  QI6  mode  to 
the  same  value  as  the  standard  mode.  In  this  way,  it  is 
possible  to  transfer  the  optical  configuration  from  the 
standard  mode  to  the  quasi-isochronous  mode  with  the 
tunes  fixed  along  the  whole  migration  route.  This 
operation  scheme  avoids  the  difficulties  related  to  setting 
up  injection  conditions  in  the  quasi-isochronous  mode 
and  also  allows  the  opportunity  to  observe  the  beam 
behavior  as  the  momentum  compaction  is  slowly  reduced. 

We  define  the  parameter  %  as  the  ratio  of  the  dispersion 
function  at  the  BPMs  in  the  long  straight  section  to  the 
dispersion  function  at  the  BPMs  in  the  short  section,  as 
shown  in  Figure  1 : 

^BPM.Long 


This  parameter  can  be  used  to  characterize  the 
isochronicity  of  a  configuration  since  the  momentum 
compaction  factor  is  uniquely  determined  by  the  value  of 
the  dispersion  function  at  these  BPMs  for  a  6-fold 
symmetric  mode  in  UVX.  As  defined  above,  %  depends 
only  on  the  orbit  change  at  the  BPMs  for  a  given 
variation  in  the  rf  frequency.  We  have  established  a 
migration  route  with  18  intermediate  configurations  were 
X  varies  monotonically  from  zero  in  the  standard  mode  to 
-0.78  in  the  QI6  mode  (Figure  2).  Figure  3  shows  a,  and 
the  synchrotron  oscillation  frequency  along  the  migration 
route. 


Short  straight  section 


Figure  1 :  One  basic  cell  of  the  UVX  storage  ring. 
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Figure  2:  Calculated  %  f°r  the  configurations  in  the 
migration  route  from  the  standard  mode  to  the  QI6  mode. 


Figure  3:  Calculated  a,  and  synchrotron  oscillation 
frequency  (for  Vrf=  340  kV)  as  a  function  of  %. 


3  EXPERIMENTAL  RESULTS 

The  experiments  were  carried  out  at  the  electron  energy 
of  1.37  GeV  with  a  few  bunches  filled  (15  to  25  instead 
of  the  usual  100)  to  minimize  longitudinal  coupled  bunch 
effects.  The  number  of  filled  bunches  cannot  be 
controlled  very  precisely  with  the  present  hardware.  An 
upgrade  for  the  injection  system  is  being  developed  to 
allow  for  operation  with  programmed  filling  patterns. 

The  electron  beam  is  injected  into  the  storage  ring  at 
120  MeV  and  ramped  to  the  standard  optical 
configuration  at  1.37  GeV.  The  18  configurations  of  the 
migration  route  are  then  implemented  one  by  one.  In  the 
first  attempts,  the  tunes  and  the  orbits  had  to  be  corrected 
at  each  step.  As  the  momentum  compaction  is  reduced, 
beam  stability  becomes  more  critical:  orbit  correction 
becomes  more  and  more  difficult,  variations  in 
parameters  such  as  the  rf  frequency  or  the  betatron  tunes 
can  cause  larger  changes  in  the  beam  lifetime  and  cause 
greater  current  drops.  Up  until  the  moment  we  have 
succeed  to  implement  up  to  the  17th  configuration  (E17) 
in  the  migration  route.  To  characterize  the  modes,  we 
have  measured  the  bunch  length,  the  synchrotron 
frequency  and  the  horizontal  orbit  displacement  as  a 
function  of  the  rf  frequency. 

3.1  X  Measurement 

We  have  measured  the  isochronicity  parameter  %  for 
some  configurations  in  the  migration  route  from  the 


standard  to  the  QI6  mode.  For  a  given  change  in  the  rf 
frequency,  the  isochronicity  parameter  is  given  by 

X  =  AXBPM_Lo„g/AXBPM_Shor,  •  SinCe  thefe  is  a  SPread 
in  the  measured  orbit  displacements  at  the  BPMs  of  the 
same  group,  we  take  the  average  displacement  in  each 
group.  The  results  show  that  we  have  reduced  X  to  -0.74. 
This  value  corresponds  to  a  theoretical  momentum 
compaction  factor  of  6.5x1 0*4,  a  factor  of  12.8  smaller 
than  the  value  for  the  standard  mode.  In  Figure  4  we 
show  the  measured  synchrotron  tune  as  a  function  of  the 
measured  parameter  %  as  well  as  the  theoretical  curve. 
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Figure  4:  Theoretical  and  measured  values  of  the 
synchrotron  tune  as  a  function  of  the  isochronicity 
parameter  %  during  migration  from  the  standard  to  the 
QI6  mode. 

3.2  Synchrotron  Oscillation  Frequency 
Measurement 

If  the  rf  gap  voltage  is  maintained  at  a  constant  value, 
changes  in  optical  configurations  can  only  modify  the 
momentum  compaction  factor.  We  can  thus  derive  the 
reduction  in  a  in  going  from  the  standard  mode  to  the 
QI6  mode  from  the  measured  synchrotron  oscillation 
frequency.  The  measured  values  are  19.5  kHz  and  5.5 
kHz  respectively  for  the  standard  and  QI6  modes  for 
Vgap=316  kV.  This  corresponds  to  a  reduction  of  a  factor 
of  12.6  in  a  and  agrees  with  the  value  measured  in  the 
previous  section. 

3.3  Bunch-Length  Measurement 

The  bunch  length  is  measured  by  an  optical  system  that 
couples  the  visible  light  emitted  by  the  electron  bunch 
into  an  ultra-fast  photodetector  (7  ps  FWHM).  The  signal 
is  captured  by  a  20  GHz  sampling  oscilloscope  triggered 
by  the  zero-bunch  signal  generated  from  the  storage  ring 
master  clock.  The  bunch  length  is  obtained  by  fitting  a 
gaussian  to  the  data. 

To  estimate  the  time  resolution  of  the  system  we  have 
measured  the  bunch  length  as  a  function  of  the  rf  gap 
voltage  in  the  standard  operation  mode  with  a  few  bunch 
configuration.  The  measured  bunch  length  is  about  twice 
the  expected  value  from  theoretical  calculations. 
Qualitatively,  the  expected  increase  in  bunch  length  (and 
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decrease  in  synchrotron  oscillation  frequency)  produced 
by  the  reduction  of  the  rf  gap  voltage  is  observed.  The 
apparent  very  poor  time  resolution  of  this  measurement 
system  may  have  many  contributions,  which  can  be 
separated  essentially  into  two  types:  (i)  intrinsic 
resolution  of  the  measurement  system  and  (ii)  coherent 
longitudinal  oscillations  of  the  bunches.  The  intrinsic 
resolution  of  the  measurement  system  can  be  affected  by 
the  jitter  of  the  trigger  signal,  the  frequency  bandpass  of 
the  measuring  equipment  and  imperfections  in  cables  and 
connectors.  The  jitter  of  trigger  signal  has  been  reduced 
to  2.5  ps  rms  and  is  thus  negligible  but  the  overall 
bandwidth  of  the  system  may  be  limited  in  our  system. 
One  indication  is  the  fact  that  we  have  observed  a  narrow 
harmonic  composition  of  the  fast  photodiode  signal  on  a 
spectrum  analyser.  Nevertheless,  the  intrinsic  overall 
resolution  of  the  system  could  be  subtracted  from  the 
measured  bunch  length  data  (if  we  assume  that  this  is 
given  by  the  quadratic  sum  of  the  actual  bunch  length  and 
the  resolution  of  the  system).  The  other  kind  of 
contribution  to  the  enlargement  of  the  measured  bunch 
duration,  the  coherent  longitudinal  oscillation  of  the 
beam,  is  more  difficult  to  eliminate  and  there  are 
indications  that  it  occurred  during  the  measurements.  One 
evidence  is  the  correlation  between  bunch  lengthening 
and  the  increase  in  the  observed  number  and  intensity  of 
the  synchrotron  frequency  harmonics.  We  also  observed  a 
trembling  of  the  beam  image  taken  from  a  dispersive 
point  in  the  dipole.  Furthermore,  the  operation  with  few 
bunches  is  essential  to  get  repetitive  results.  The  bunch 
length  measured  when  we  operate  in  the  100  filled 
bunches  mode  has  a  large  noise.  The  contribution  of 
beam  longitudinal  oscillations  to  the  measured  length 
depends  on  many  parameters  and  cannot  be  subtracted 
from  the  measured  value.  In  this  case,  changes  in  the 
hardware  must  be  implemented  to  overcome  the 
limitations.  One  solution  is  to  use  a  technique  to  measure 
the  bunch  in  a  single  pass  (e.g.,  streak  camera, 
autocorrelation).  Another  solution  is  to  implement  the 
single  bunch  operation  mode  with  a  trigger  signal 
generated  by  the  bunch  itself.  Yet  another  solution  is  to 
eliminate  the  longitudinal  oscillations  via  a  feedback 
system.  All  these  solutions  require  a  substantial  effort 
(technical  and/or  financial)  to  be  implemented  and  we  are 
presently  analysing  the  various  alternatives.  The  single 
bunch  operation  and  a  streak  camera  may  be  available  in 
a  near  future.  The  present  system,  however,  can  be  used 
to  observe  the  qualitative  behavior  of  the  bunch  length  in 
these  configurations. 

In  Figure  5  we  show  the  measured  bunch  length  (one 
sigma)  as  a  function  of  the  synchrotron  oscillation 
frequency  during  migration  from  the  standard  mode 
(f=20  kHz)  to  the  mode  E17  (fs=6  kHz).  Initially  the 
measured  bunch  length  and  the  synchrotron  frequency 
decrease  with  the  reduction  of  the  momentum  compaction 
factor.  From  the  configuration  which  corresponds  to 


f=8.5  kHz  on,  further  reduction  of  the  momentum 
compaction  factor  still  decreases  the  synchrotron 
frequency  but  not  the  measured  bunch  length,  which 
starts  fluctuating  at  larger  values.  This  may  be  caused  by 
the  excitation  of  longitudinal  instabilities  in  low  alpha 
configurations. 


synchrotron  oscillation  frequency  during  migration  from 
the  standard  mode  (f  =20  kHz)  to  the  quasi-isochronous 
mode  (fs=6  kHz).  Initially  the  measured  bunch  length  and 
the  synchrotron  frequency  decrease  with  the  reduction  of 
the  momentum  compaction  factor.  From  the 
configuration  which  corresponds  to  f =8.5  kHz  on,  further 
reduction  of  the  momentum  compaction  factor  still 
decreases  the  synchrotron  frequency  but  not  the  measured 
bunch  length,  which  starts  fluctuating  at  larger  values. 

4  CONCLUSIONS 

We  have  reduced  the  momentum  compaction  factor  of 
the  LNLS  UVX  storage  ring  by  a  factor  of  approximately 
13.  The  isochronicity  parameter  %  has  been  reduced  from 
0  to  -0.74.  Measurements  of  bunch  length,  synchrotron 
oscillation  frequency  and  orbit  displacement  have  been 
carried  out.  Thus  far  the  obtained  results  were  analysed 
using  linear  theory  only.  It  is  clear,  however,  that  higher 
order  longitudinal  terms  must  be  considered.  To  proceed 
in  the  migration  route  to  the  QI6  mode  we  need  to 
consider  the  effects  of  the  second  order  momentum 
compaction  factor  oq  by  adding  configurations  to  the 
migration  route  where  the  setting  of  the  sextupoles  is 
considered.  The  steps  in  the  configurations  should  be 
reduced  as  well. 

The  experience  gained  from  these  initial  tests  has 
helped  us  to  determine  the  limitations  of  the  present 
measurement  system  and  to  prepare  an  upgrade  program 
to  perform  future  experiments,  which  includes 
implementation  of  the  single  bunch  operation  mode  and 
of  a  single  pass  bunch  length  measurement  system. 
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Abstract 

Measurements  of  differential  orbits  excited  by  two  pairs 
of  horizontal  and  vertical  correctors,  and  by  a  change  of 
the  energy  gain  for  the  first  one  of  two  superconducting 
linacs  allowed  us  to  perform  on-line  control  of  the  ma¬ 
chine  optics,  which  provided  valuable  information  for 
studying  optics  discrepancies.  Off-line  analysis  of  the  data 
has  uncovered  a  number  of  malfunctioning  hardware 
pieces,  e.g.  improperly  functioning  BPMs  and  incorrectly 
focusing  quadruples.  It  also  indicated  that  our  dipoles 
have  significant  focusing  terms,  which  have  to  be  taken 
into  account  to  build  a  predictable  optics.  The  analysis 
resulted  in  a  significantly  improved  optics  model  for  the 
CEBAF  recirculator.  The  new  optics  preserved  desired 
lattice  architecture  and  orthogonal  tunability.  The  pre¬ 
sented  approach  was  proven  very  successful  in  minimiz¬ 
ing  required  tuning  time  and  in  building  a  more  accurate 
theoretical  model  of  beam  transport  for  the  CEBAF  accel¬ 
erator. 

1  INTRODUCTION 

The  CEBAF  accelerator  [1]  is  a  five-pass  CW  recirculator 
with  beam  power  up  to  800  kW.  It  consists  of  a  56  MeV 
injector,  two  superconducting  linacs  of  500  MeV  energy 
gain,  and  nine  arcs,  which  connect  the  linacs  for  beam 
recirculation  for  total  beam  energy  of  5.056  GeV.  Logi¬ 
cally,  the  machine  is  separated  into  the  following  regions 
[2]:  injector,  North  and  South  linacs,  nine  180°  bend  recir¬ 
culation  arcs  with  associated  entrance  and  exit  matching 
regions,  and  the  spreader  and  recombiner  regions  at  the 
ends  of  each  linac,  which  separate  particles  of  different 
energies  or  merge  them  for  reinjection  into  the  succeeding 
linac.  After  acceleration  to  the  desired  energy,  the  beam 
can  be  split  and  directed  to  three  experimental  halls  for 
nuclear  physics  experiments.  The  path  traversed  to  full 
energy  is  more  than  6  km  in  length,  over  which  the  beam 
is  focused  by  about  700  quadruples.  Each  quadrupole  is 
independently  powered,  which  on  one  hand  creates  many 
possibilities  for  machine  optics,  but  on  the  other  hand 
complicates  machine  tuning  and  operation  processes. 

The  large  scale  of  the  accelerator  requires  high  field 
accuracy  of  the  magnets.  The  design  reproducibility  speci¬ 
fications  for  the  quadrupoles  (~2xl  04)  have  not  been  met 
in  the  real  machine,  which  caused  significant  optics 
changes  during  the  machine  commissioning  [3].  The  main 
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motivation  for  optics  redesign  was  to  reduce  error  sensi¬ 
tivity  of  the  machine  optics  and  to  create  a  set  of  orthogo¬ 
nal  knobs  for  machine  tuning. 

We  identified  three  major  sources  of  machine  irrepro- 
ducibility.  The  first  one  is  adjustments  of  the  accelerating 
profile,  which  is  always  non-uniform  and  is  frequently 
changed  when  one  or  a  few  cavities  cannot  support  the 
required  accelerating  gradient.  In  this  case  the  focusing  for 
the  first  pass  is  corrected,  while  the  higher  passes  are 
subject  to  a  significant  betatron  mismatch.  The  second 
source  is  a  path-length  adjustment.  To  keep  higher  passes 
on  the  ‘crest’  of  the  accelerating  wave  the  path-length  has 
to  be  stabilized  at  the  level  of  0.25  mm  (-0.5°).  That  calls 
for  frequent  path-length  adjustments  to  account  for  sea¬ 
sonal  and  weather  variations.  These  adjustments  cause  the 
vertical  beta  function  mismatch  due  to  significant  changes 
of  the  vertical  focusing  in  the  correction  chicane.  The 
third  source  is  an  overall  deficiency  in  machine  repro¬ 
ducibility,  due  to  substantial  temporal  drifts  of  the  quad¬ 
rupole  gradients,  over  a  period  of  a  few  days  or  occasion¬ 
ally  of  a  few  hours.  The  first  two  sources  were  addressed 
at  the  commissioning  time,  which  brought  the  machine  to 
a  reasonable  state  enabling  initial  beam  delivery  for 
physics.  Although  we  could  deliver  acceptable  quality 
beam  to  the  experiments  at  that  time,  the  machine  optics 
was  not  understood  sufficiently,  which  significantly  ham¬ 
pered  machine  operation  and  beam  optics  software  tools. 

To  build  an  adequate  model  of  the  machine  optics  and 
to  gain  some  insight  into  sources  of  machine  irreproduci- 
bility,  systematic  optics  studies  were  initiated.  Most  of 
their  findings  are  reported  in  this  article. 

2  DIFFERENTIAL  ORBIT  ANALYSIS 

Two  efforts  to  correct  accelerator  optics  were  undertaken. 
The  first  one  is  an  envelope  match  in  the  injector.  It  is 
performed  by  measuring  the  vertical  and  horizontal  beam 
sizes  with  beam  profile  monitors  at  four  locations  in  the 
injector.  Then  adjustments  of  four  upstream  quads  are 
made  to  match  beam  sizes  to  the  injector  Twiss  functions. 
The  second  step  involves  tracking  of  machine  optics  with 
the  differential  orbit  measurements,  which  serves  as  our 
main  instrument  for  optics  studies.  The  beam  position 
measurement  system  includes  approximately  800  BPMs. 
This  large  number  of  BPMs  allows  us  to  perform  optics 
measurements,  which  are  much  more  detailed  than  those 
done  by  any  other  available  method. 

To  get  complete  measurements  of  linear  optics  one 
needs  to  use  at  least  five  sources  of  the  beam  orbit  excita¬ 
tion:  two  horizontal  correctors,  two  vertical  correctors  and 
an  energy  corrector.  The  best  resolution  for  betatron  mo¬ 
tion  is  achieved  when  the  effects  of  kicks  excited  by  each 
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corrector  pair  are  orthogonal.  That  implies  that  correctors 
have  to  be  shifted  in  betatron  phase  by  (l+2n)rc/4  [3].  Fast 
data  acquisition  for  differential  measurements  was  the  key 
to  the  success  of  the  project.  Special  data  acquisition 
software  was  written  to  make  measurements  as  fast  as 
possible.  The  measurements  are  fully  automated  and  it 
now  takes  about  three  minutes  to  perform  measurements 
for  the  entire  machine.  This  has  allowed  us  to  get  the 
measurements  routinely,  every  day  at  system  checks  or  by 
a  request  from  the  Beam  Transport  Team. 

To  optimize  the  amplitude  of  excited  betatron  perturba¬ 
tion  with  respect  to  adiabatic  damping,  the  exciting  cor¬ 
rectors  were  chosen  at  the  beginning  of  Arc  1  (in  the  556 
MeV  region).  The  energy  perturbation  was  created  by 
changing  the  accelerating  gradient  of  eight  RF  cavities  at 
the  end  of  the  first  superconducting  linac.  The  strengths  of 
the  above  excitations  were  adjusted  so  that  the  resulting 
beam  motion  had  initial  transverse  amplitude  of  about  3 
mm,  which  after  acceleration  (by  a  factor  of  ten)  died 
down  to  about  1  mm  due  to  the  adiabatic  damping. 

A  complete  differential  measurement,  as  illustrated  in 
Figure  1,  results  in  six  independent  differential  orbits:  two 
horizontal  and  two  vertical  differential  orbits  excited  by 


correctors,  and  the  horizontal  and  vertical  dispersive  orbits 
excited  by  the  energy  change.  To  reach  a  better  clarity 
Figure  1  shows  only  the  measurement  restricted  to  Arc  2 
and  the  downstream  second  pass  in  the  North  linac.  Mark¬ 
ers  indicate  actual  measurement  data,  while  continuous 
lines  represent  differential  orbits  predicted  by  the  updated 
model  of  the  machine  optics. 

Early  post-commissioning  experience  [3]  revealed  seri¬ 
ous  discrepancies  between  predictions  of  the  optics  model 
and  actual  beam  displacements  in  the  machine.  To  ‘pin 
down’  possible  sources  of  discrepancies,  careful  analysis 
of  differential  orbits  through  the  entire  machine  was  per¬ 
formed.  We  found  out  that  the  major  sources  of  optics 
irreproducibility  were  linked  to  focusing  effects  of  bend¬ 
ing  dipoles  and  several  quads  exhibiting  few-percent  fo¬ 
cusing  errors.  The  effect  was  particularly  large  for  vertical 
dipoles  of  spreaders  and  recombiners,  which  were  not 
measured  with  sufficient  accuracy  before  installation.  Si¬ 
multaneous  fitting  of  six  independent  difference  orbits  by 
varying  the  focusing  terms  of  each  dipole  in  the  spreaders 
and  recombiners  allowed  us  to  find  a  unique  set  of  body 
gradients  for  all  dipole  magnets.  A  similar  process  was 
performed  for  the  horizontal  dipoles  of  nine  arcs,  but  in 
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Figure  1 :  Example  of  differential  orbit  analysis  for  Arc  2  -  complete  set  of  six  orbits  -  optics  model  vs  measurement 
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this  case  we  were  able  to  achieve  a  reasonable  fit  assum¬ 
ing  that  all  dipoles  of  a  single  arc  have  identical  focusing 
properties. 

Extracted  this  way  body  gradients  were  used  to  update 
the  optics  mode.  Improved  status  of  the  machine  optics 
did  not  require  betatron  correction  in  the  spreaders  and  the 
‘orthogonal  knobs’  for  betatron  match  were  left  in  the 
recombiners  only.  Another  benefit  of  the  improved  optics 
model  was  reliable  operation  of  an  automated  steering 
program,  AutoSteer  [5],  which  would  not  function  prop¬ 
erly  without  updating  our  initial  ‘crude’  optics. 

Careful  testing  and  recalibration  of  power  supplies  for 
quads  were  performed  in  parallel  with  optics  studies.  Af¬ 
ter  this  process  was  complete  the  focusing  of  practically 
all  quads  corresponded  to  the  design  values.  Currently,  we 
are  left  with  only  four  quadruples  for  which  values  are 
fudged  by  about  10%  to  fix  the  machine  optics. 

Another  useful  spin-off  of  optics  studies  was  a  test  of 
the  BPMs.  The  study  indicated  four  BPMs,  which  exhib¬ 
ited  incorrect  (up  to  50%)  differential  displacement.  Fur¬ 
ther  improvements  of  the  optics  model  are  limited  by  the 
finite  accuracy  of  the  BPMs  and  long  term  machine  re¬ 
producibility. 

3  OPTICS  UPGRADES 

A  few  recently  performed  optics  upgrades  were  motivated 
by  improving  both  beam  quality  and  machine  diagnostics: 

3.1  Bunch  Compression  at  Injection 

Longitudinal  bunching  in  the  injector  was  originally  con¬ 
figured  in  the  5  MeV  region.  With  the  polarized  source 
coming  into  operation  we  experienced  difficulties  trans¬ 
porting  the  beam,  because  of  small  tails  in  the  longitudinal 
beam  profile.  Particles  in  these  tails  were  not  on  the  crest 
of  the  accelerating  wave  and  were  ultimately  lost  pre¬ 
venting  machine  operation  at  high  beam  current.  To  alle¬ 
viate  this  problem  we  redesigned  the  optics  in  the  injector 
chicane  (56  MeV)  to  create  additional  bunch  compression. 
A  significant  advantage  of  high  energy  bunching  is  that 
the  bunching  is  not  affected  by  the  beam  space  charge.  To 
facilitate  that,  a  new  non-isochronous  optics  with  a  nega¬ 
tive  momentum  compaction  factor  of  about  -30  cm  was 
designed  and  installed  in  the  injection  chicane.  To  perform 
the  bunch  compression  one  needs  to  shift  the  RF  phase  of 
the  main  injector  linac  by  about  6°.  To  avoid  problems 
with  focusing  changes  at  the  beginning  of  the  linac  only 
the  second  of  two  injector  cryomodules  is  shifted  in  phase. 
The  new  configuration  significantly  improves  machine 
reliability  for  high  current  operation. 

3.2  Medium  Dispersion  Optics  in  Lower  Arcs 

Responding  to  current  instrumentation  needs  (installation 
of  synchrotron  light  monitors  to  resolve  the  beam  energy 
spread  with  high  resolution)  the  optics  of  arcs  1  and  2  was 
redesigned.  The  goal  was  to  increase  (by  a  factor  of  three) 


the  horizontal  dispersion  and  to  decrease  the  horizontal 
beta  function  at  the  middle  of  both  arcs,  where  the  new 
monitors  were  supposed  to  be  installed.  The  new  arc  op¬ 
tics,  with  a  mirror-symmetric  horizontal  dispersion  pat¬ 
tern,  was  designed  so  that  it  greatly  enhances  resolution  of 
the  beam  energy  spread  and  it  still  does  not  limit  our  en¬ 
ergy  aperture.  To  preserve  tunability  of  the  new  optics  one 
needs  to  allow  for  independent  correction  of  both  the  hori¬ 
zontal  dispersion  and  M56.  This  was  accomplished  by  ap¬ 
propriate  tailoring  of  the  horizontal  betatron  phase  ad¬ 
vance  inside  the  arc,  to  provide  two  pairs  of  orthogonal 
knobs  (quadrupoles):  for  dispersion  and  momentum  com¬ 
paction  adjustments.  Furthermore,  a  betatron  wave  excited 
by  the  first  tuning  quad,  which  propagates  with  twice  the 
betatron  frequency,  is  cancelled  by  the  second  wave 
launched  by  the  remaining  quad  in  the  pair,  so  the  net  be¬ 
tatron  wave  is  confined  to  the  tuning  region  and  subse¬ 
quently  the  tuning  process  does  not  affect  the  betatron 
match  outside  the  arc. 

4  CONCLUSIONS 

The  presented  off-line  analysis  of  routinely  measured  data 
has  uncovered  a  number  of  malfunctioning  hardware 
pieces,  e.g.  improperly  functioning  BPMs  and  quad¬ 
rupoles.  Our  analysis  resulted  in  a  significantly  improved 
optics  model  of  beam  transport  for  the  CEBAF  accelera¬ 
tor.  The  new  optics  preserves  the  desired  lattice  architec¬ 
ture  and  tunability  (betatron  match,  dispersion  and  mo¬ 
mentum  compaction  adjustment  orthogonality). 

Furthermore,  motivated  by  improving  beam  transport 
quality  and  machine  diagnostics  two  major  optics  up¬ 
grades  were  made.  They  can  be  summarized  as  longitudi¬ 
nal  bunch  compression  at  injection  and  installation  of  me¬ 
dium  dispersion  optics  in  lower  arcs. 

Finally,  the  presented  approach  was  proven  very  suc¬ 
cessful  in  scaling  optics  with  energy  (frequent  energy 
changes  are  the  standard  part  of  our  present  operation)  and 
in  minimizing  required  machine  tuning. 
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Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
part  we  consider  orbital  motion  in  transverse  plane  for  a 
single  particle  in  a  circular  magnetic  lattice  in  case  when 
we  take  into  account  multipolar  expansion  up  to  an  arbi¬ 
trary  finite  number.  We  reduce  initial  dynamical  problem  to 
the  finite  number  (equal  to  the  number  of  n-poles)  of  stan¬ 
dard  algebraical  problem  and  represent  all  dynamical  vari¬ 
ables  via  an  expansion  in  the  base  of  periodical  wavelets. 


1  INTRODUCTION 

This  is  the  second  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  analy¬ 
sis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  which  is  based  on 
our  approach  to  investigation  of  nonlinear  problems  -  gen¬ 
eral,  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum,  which  are 
considered  in  the  framework  of  local  (nonlinear)  Fourier 
analysis,  or  wavelet  analysis.  Wavelet  analysis  is  a  rela¬ 
tively  novel  set  of  mathematical  methods,  which  gives  us  a 
possibility  to  work  with  well-localized  bases  in  functional 
spaces  and  with  the  general  type  of  operators  (differential, 
integral,  pseudodifferential)  in  such  bases.  In  this  part  we 
consider  orbital  motion  in  transverse  plane  for  a  single  par¬ 
ticle  in  a  circular  magnetic  lattice  in  case  when  we  take  into 
account  multipolar  expansion  up  to  an  arbitrary  finite  num¬ 
ber.  We  reduce  initial  dynamical  problem  to  the  finite  num¬ 
ber  (equal  to  the  number  of  n-poles)  of  standard  algebraical 
problem  and  represent  all  dynamical  variables  as  expansion 
in  the  base  of  periodical  wavelet  functions.  Our  consider¬ 
ation  is  based  on  generalization  of  variational  wavelet  ap¬ 
proach  from  part  1.  After  introducing  our  starting  points 
related  to  multiresolution  in  section  3,  we  consider  meth¬ 
ods  which  allow  us  to  construct  wavelet  representation  for 
solution  in  periodic  case  in  section  4. 
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2  PARTICLE  IN  THE  MULTIPOLAR 
FIELD 


The  magnetic  vector  potential  of  a  magnet  with  2 n  poles  in 
Cartesian  coordinates  is 

j4  =  £ffn/n(*,y),  (1) 

n 

where  fn  is  a  homogeneous  function  of  x  and  y  of  order  n. 
The  real  and  imaginary  parts  of  binomial  expansion  of 

fn(x,y)  =  {x  +  iy)n  (2) 


correspond  to  regular  and  skew  multipoles.  The  cases 
n  —  2  to  n  =  5  correspond  to  low-order  multipoles: 
quadrupole,  sextupole,  octupole,  decapole.  Then  we  have 
in  particular  case  the  following  equations  of  motion  for  sin¬ 
gle  particle  in  a  circular  magnetic  lattice  in  the  transverse 
plane  (x,  y)  ([9]  for  designation): 
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and  the  corresponding  Hamiltonian: 
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(4) 


Then  we  may  take  into  account  arbitrary  but  finite  num¬ 
ber  in  expansion  of  RHS  of  Hamiltonian  (4)  and  from  our 
point  of  view  the  corresponding  Hamiltonian  equations  of 
motions  are  not  more  than  nonlinear  ordinary  differential 
equations  with  polynomial  nonlinearities  and  variable  co¬ 
efficients. 
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3  WAVELET  FRAMEWORK 

Our  constructions  are  based  on  multiresolution  approach. 
Because  affine  group  of  translation  and  dilations  is  inside 
the  approach,  this  method  resembles  the  action  of  a  mi¬ 
croscope.  We  have  contribution  to  final  result  from  each 
scale  of  resolution  from  the  whole  infinite  scale  of  spaces. 
More  exactly,  the  closed  subspace  Vj(j  €  Z)  corresponds 
to  level  j  of  resolution,  or  to  scale  j.  We  consider  a  r-regular 
multiresolution  analysis  (MRA)  of  L2( Rn)  (of  course,  we 
may  consider  any  different  functional  space)  which  is  a  se¬ 
quence  of  increasing  closed  subspaces  Vy. 

...V-2  C  V-i  GVoCVtCViC  ...  (5) 

satisfying  the  following  properties: 

n*-°.  u k=£2(Rn), 

je z  jez 

f{x)  €  Vj  <=>  f(2x)  €  Vj+i, 
f(x)ev0<=>f(x-k)ev0,  VfceZ".  (6) 

There  exists  a  function  <p  €  V0  such  that  {ipo ,k  (x)  —  — 

k),  k  €  Zn}  forms  a  Riesz  basis  for  Vo-  The  function 
ip  is  regular  and  localized:  ip  is  Cr~1,  is  almost 

everywhere  differentiable  and  for  almost  every  x  €  Rn, 
for  every  integer  a  <  r  and  for  all  integer  p  there  exists 
constant  Cp  such  that 

|  dap(x)  \<  Cp(l  +  |x|)~p  (7) 

Let  p(x)  be  a  scaling  function,  ip(x)  is  a  wavelet  function 
and  Pi{x)  =  p(x  -  i).  Scaling  relations  that  define  p,ip 
are 

N- 1  TV  — 1 

aw(2x  ~  k)  =  XI  a*^(2x)’  (8) 

fe=0  k= 0 

N- 2 

i’ix)  =  ^2(-l)kak+ip(2x  +  k).  (9) 

fc=-i 

Let  indices  £,j  represent  translation  and  scaling,  respec¬ 
tively  and 

pjl(x)=2j/2p(2jx-£)  (10) 

then  the  set  {pj,k},  k  6  Z”  forms  a  Riesz  basis  for  Vj.  The 
wavelet  function  ip  is  used  to  encode  the  details  between 
two  successive  levels  of  approximation.  Let  Wj  be  the  or¬ 
thonormal  complement  of  Vj  with  respect  to  V*+i: 

Vi+i  =Vj@Wj.  (11) 

Then  just  as  Vj  is  spanned  by  dilation  and  translations  of 
the  scaling  function,  so  are  Wj  spanned  by  translations  and 
dilation  of  the  mother  wavelet  ipjk{x),  where 

iPjk(x)  =  2j/2iP{2jx-k).  (12) 


All  expansions  which  we  used  are  based  on  the  following 
properties: 

{ V’jJc }  >  j,  k  6  Z  is  a  Hilbertian  basis  of  L2(R) 
{pjk}j>o,kez  is  an  orthonormal  basis  forL2(R), 

OO 

L2(R)  =  V0@Wj,  (13) 

3- 0 

or  {po,k, 

is  an  orthonormal  basis  forL2(R). 

Fig.l  and  Fig.2  give  the  representation  of  some  function 
and  corresponding  MRA  on  each  level  of  resolution. 


Figure  1 :  Analyzed  function. 


Figure  2:  MRA  representation. 


4  VARIATIONAL  WAVELET  APPROACH 
FOR  PERIODIC  TRAJECTORIES 

We  start  with  extension  of  our  approach  from  part  1  to 
the  case  of  periodic  trajectories.  The  equations  of  motion 
corresponding  to  Hamiltonian  (4)  may  also  be  formulated 
as  a  particular  case  of  the  general  system  of  ordinary  dif¬ 
ferential  equations  dxi/dt  =  fi(xj,t),  ( i,j  =  1  ,...,n), 
0  <  t  <  1,  where  are  not  more  than  polynomial  func- 
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tions  of  dynamical  variables  xj  and  have  arbitrary  depen¬ 
dence  of  time  but  with  periodic  boundary  conditions.  Ac¬ 
cording  to  our  variational  approach  from  part  1  we  have  the 
solution  in  the  following  form 

Xi{t)  =  Xi{ 0)  +  ^2  ¥>*(*)>  Xi(°)  =  (14> 

k 

where  are  again  the  roots  of  reduced  algebraical  sys¬ 
tems  of  equations  with  the  same  degree  of  nonlinearity  and 
<Pk  {t)  corresponds  to  useful  type  of  wavelet  bases  (frames). 
It  should  be  noted  that  coefficients  of  reduced  algebraical 
system  are  the  solutions  of  additional  linear  problem  and 
also  depend  on  particular  type  of  wavelet  construction  and 
type  of  bases.  This  linear  problem  is  our  second  reduced 
algebraical  problem.  We  need  to  find  in  general  situation 
objects 

OO 

A&tin= /  imm*.  (i5) 

—OO  ' 

but  now  in  the  case  of  periodic  boundary  conditions.  Now 
we  consider  the  procedure  of  their  calculations  in  case 
of  periodic  boundary  conditions  in  the  base  of  periodic 
wavelet  functions  on  the  interval  [0,1]  and  corresponding 
expansion  (14)  inside  our  variational  approach.  Periodiza¬ 
tion  procedure  gives  us 

<Pj,k(x)  =  YlW’k{x-e)  (16) 

eez 

ipjAx)  =  J2  ^i’kix-t) 

l£Z 

So,  are  periodic  functions  on  the  interval  [0,1].  Be¬ 
cause  if  k  =  k' mod(2J),  we  may  consider 

only  0  <  k  <  2J  and  as  consequence  our  multiresolution 
has  the  form  ( _ J  —  L2[0, 1]  with  Vj  =  spanj^fc}2^1 

J>0 

[10].  Integration  by  parts  and  periodicity  gives  useful  re¬ 
lations  between  objects  (15)  in  particular  quadratic  case 
(d  =  d\  +  di)'- 

\di,d2  _  (  1  \di  *  0,d2+di  *  0,d  _  i0  ,d  _  id 

Afci,fc2  —  V  )  iVkuk2  >  ^kiM  ~  A0,fca -fci  - 

So,  any  2-tuple  can  be  represent  by  Ad.  Then  our  sec¬ 
ond  additional  linear  problem  is  reduced  to  the  eigenvalue 
problem  for  {A^}0<fc<2i  by  creating  a  system  of  2J  ho¬ 
mogeneous  relations  in  Af  and  inhomogeneous  equations. 
So,  if  we  have  dilation  equation  in  the  form  ip(x)  = 
■AlYLkcz  ~  &),  then  we  have  the  following  ho¬ 

mogeneous  relations 

N-lN-l 

Afc  —  2  ^22  ^2  hmhlAf+zk-rm  (17) 

m= 0  e=o 

or  in  such  form  A\d  =  2dAd,  where  Ad  =  {A^}0<*<22- 
Inhomogeneous  equations  are: 

=  d\2~j/2,  (18) 

i 


where  objects  Md{ \l\  <  N  —  2)  can  be  computed  by  re¬ 
cursive  procedure 

Mf  =  2~j(-2d+1)/2Mf,  (19) 

Mk  =<  xk,<p0,e  >=  £  (k)nk-jM>,  M*  =  1. 

j= o  '7/ 

So,  we  reduced  our  last  problem  to  standard  linear  alge¬ 
braical  problem.  Then  we  use  the  same  methods  as  in  part 
1.  As  a  result  we  obtained  for  closed  trajectories  of  orbital 
dynamics  described  by  Hamiltonian  (4)  the  explicit  time 
solution  (14)  in  the  base  of  periodized  wavelets  (16). 

We  are  very  grateful  to  M.  Cornacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC),  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
3.  EFFECTS  OF  INSERTION  DEVICES  ON  BEAM  DYNAMICS 

A.  Fedorova.  M.  Zeitlin,  IPME,  RAS,  St.  Petersburg,  Russia  *  t 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications 
of  methods  from  wavelet  analysis  to  polynomial  approxi¬ 
mations  for  a  number  of  accelerator  physics  problems.  In 
this  part,  assuming  a  sinusoidal  field  variation,  we  consider 
the  analytical  treatment  of  the  effects  of  insertion  devices 
on  beam  dynamics.  We  investigate  via  wavelet  approach 
a  dynamical  model  which  has  polynomial  nonlinearities 
and  variable  coefficients.  We  construct  the  corresponding 
wavelet  representation.  As  examples  we  consider  wigglers 
and  undulator  magnets.  We  consider  the  further  modifica¬ 
tion  of  our  variational  approach  which  may  be  applied  in 
each  scale. 

1  INTRODUCTION 

This  is  the  third  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  anal¬ 
ysis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  which  is  based  on 
our  approach  to  investigation  of  nonlinear  problems  -  gen¬ 
eral,  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum,  which  are 
considered  in  the  framework  of  local  (nonlinear)  Fourier 
analysis,  or  wavelet  analysis.  Wavelet  analysis  is  a  rela¬ 
tively  novel  set  of  mathematical  methods,  which  gives  us  a 
possibility  to  work  with  well-localized  bases  in  functional 
spaces  and  with  the  general  type  of  operators  (differential, 
integral,  pseudodifferential)  in  such  bases.  In  this  part  we 
consider  effects  of  insertion  devices  (section  2)  on  beam 
dynamics.  In  section  3  we  consider  generalization  of  our 
variational  approach  for  the  case  of  variable  coefficients.  In 
section  4  we  consider  more  powerful  variational  approach 
which  is  based  on  ideas  of  para-products  and  approxima¬ 
tion  for  multiresolution  approach,  which  gives  us  possibil¬ 
ity  for  computations  in  each  scale  separately. 

2  EFFECTS  OF  INSERTION  DEVICES 
ON  BEAM  DYNAMICS 

Assuming  a  sinusoidal  field  variation,  we  may  consider  ac¬ 
cording  to  [9]  the  analytical  treatment  of  the  effects  of  in¬ 
sertion  devices  on  beam  dynamics.  One  of  the  major  detri- 

*  e-mail:  zeitlin@math.ipme.ru 
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mental  aspects  of  the  installation  of  insertion  devices  is 
the  resulting  reduction  of  dynamic  aperture.  Introduction 
of  non-linearities  leads  to  enhancement  of  the  amplitude- 
dependent  tune  shifts  and  distortion  of  phase  space.  The 
nonlinear  fields  will  produce  significant  effects  at  large  be¬ 
tatron  amplitudes.  The  components  of  the  insertion  device 
magnetic  field  used  for  the  derivation  of  equations  of  mo¬ 
tion  are  as  follows: 

k 

Bx  =  ~  •  B0  sinh(fcxx)  sinh (kyy)  cos (kz) 

ky 

By  =  Bocosh(kxx)cosh(kyy)cos(kz)  (1) 
k 

Bz  —  — —Bo  cosh(fcxx)  sinh(fcyy)  sin  (kz), 

ky 

with  k2  +  ky  =  k2  =  (2-rc/X)2,  where  A  is  the  period 
length  of  the  insertion  device,  Bo  is  its  magnetic  field,  p  is 
the  radius  of  the  curvature  in  the  field  Bo.  After  a  canonical 
transformation  to  change  to  betatron  variables,  the  Hamil¬ 
tonian  is  averaged  over  the  period  of  the  insertion  device 
and  hyperbolic  functions  are  expanded  to  the  fourth  order 
in  x  and  y  (or  arbitrary  order).  Then  we  have  the  following 
Hamiltonian: 

H  =  \\pl+P2y]  +  [fcxz2  +  k2yy2] 

+  lih'p2  ^k*x4  +  kyyi  +  3fc*fc2x  V]  (2> 

-  \Px{k2xx2  +  k2yy2)  -  2 kxpvxy] 

We  have  in  this  case  also  nonlinear  (polynomial  with  de¬ 
gree  3)  dynamical  system  with  variable  (periodic)  coeffi¬ 
cients.  As  related  cases  we  may  consider  wiggler  and  un¬ 
dulator  magnets.  We  have  in  horizontal  x  —  s  plane  the 
following  equations 

x  =  ~s—Bz(s)  (3) 

7717 

.  e  _  ,  . 

s  =  x - BAs ), 

7717 

where  magnetic  field  has  periodic  dependence  on  s  and  hy¬ 
perbolic  on  z. 

3  VARIABLE  COEFFICIENTS 

In  the  case  when  we  have  situation  when  our  problem  is  de¬ 
scribed  by  a  system  of  nonlinear  (polynomial)differential 
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equations,  we  need  to  consider  extension  of  our  previous 
approach  which  can  take  into  account  any  type  of  variable 
coefficients  (periodic,  regular  or  singular).  We  can  pro¬ 
duce  such  approach  if  we  add  in  our  construction  additional 
refinement  equation,  which  encoded  all  information  about 
variable  coefficients  [10].  According  to  our  variational  ap¬ 
proach  we  need  to  compute  integrals  of  the  form 

[  bij{t){^{2mt-k1){V2)d^2mt-k2)dx,  (4) 

JD 

where  now  bij  ( t )  are  arbitrary  functions  of  time,  where  trial 
functions  <p i,  <p2  satisfy  a  refinement  equations: 

¥>»(<)  =  ^  aikVi{ 2t  ~  k )  (5) 

fcez 

If  we  consider  all  computations  in  the  class  of  compactly 
supported  wavelets  then  only  a  finite  number  of  coefficients 
do  not  vanish.  To  approximate  the  non-constant  coeffi¬ 
cients,  we  need  choose  a  different  refinable  function  ip3 
along  with  some  local  approximation  scheme 

(Bef)(x)  :=  F*Af)M &  -  k),  (6) 

<*€Z 

where  Fttk  are  suitable  functionals  supported  in  a  small 
neighborhood  of  2~ek  and  then  replace  fey  in  (4)  by 
Bebij(t).  In  particular  case  one  can  take  a  characteristic 
function  and  can  thus  approximate  non-smooth  coefficients 
locally.  To  guarantee  sufficient  accuracy  of  the  resulting 
approximation  to  (4)  it  is  important  to  have  the  flexibility 
of  choosing  <p3  different  from  Vi,V2-  In  the  case  when  D 
is  some  domain,  we  can  write 

bij(t)\D=  ^2  -  k),  (7) 

0<fc<2* 

where  xd  is  characteristic  function  of  D.  So,  if  we  take 
Vi  —  Xd,  which  is  again  a  refinable  function,  then  the 
problem  of  computation  of  (4)  is  reduced  to  the  problem  of 
calculation  of  integral 

H(k1,k2,k3,k4)  =  H(k)  = 

[  <fi4(2H  -  k!)<p3(2et  -  k2)  x  (8) 

•m* 

<pi1(2rt-k3)ipi2(2st-k4)dx 

The  key  point  is  that  these  integrals  also  satisfy  some  sort 
of  refinement  equation: 

2  ~MH{k)  =  b2k.eH(£),  fi  =  di  +  d2.  (9) 

eez 

This  equation  can  be  interpreted  as  the  problem  of  com¬ 
puting  an  eigenvector.  Thus,  we  reduced  the  problem  of 
extension  of  our  method  to  the  case  of  variable  coefficients 
to  the  same  standard  algebraical  problem  as  in  the  preced¬ 
ing  sections. 


So,  the  general  scheme  is  the  same  one  and  we  have  only 
one  more  additional  linear  algebraic  problem  by  which  we 
in  the  same  way  can  parameterize  the  solutions  of  corre¬ 
sponding  problem.  As  example  we  demonstrate  on  Fig.  1  a 
simple  model  of  (local)  intersection  and  the  corresponding 
multiresolution  representation  (MRA). 


Figure  1 :  Simple  insertion. 


Figure  2:  MRA  representations. 

4  EVALUATION  OF  NONLINEARITIES 
SCALE  BY  SCALE 

We  consider  scheme  of  modification  of  our  variational  ap¬ 
proach  in  the  case  when  we  consider  different  scales  sep¬ 
arately.  For  this  reason  we  need  to  compute  errors  of  ap¬ 
proximations.  The  main  problems  come  of  course  from 
nonlinear  terms.  We  follow  the  approach  from  [11], 

Let  Pj  be  projection  operators  on  the  subspaces  Vj,j  € 
Z: 

Pj  :  X2(R)  -*  Vj  (10) 

(Pjf)(x)  =  f’Vi’k  >  ViAx) 

k 

and  Qj  are  projection  operators  on  the  subspaces  Wj: 

Qj  =  Pj-i  ~  Pj  (ID 

So,  for  u  €  I/2(R)  we  have  Uj  =  PjU  and  uj  €  Vj, 
where  {Vj},  j  €  Z  is  a  multiresolution  analysis  of  L2(R). 
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It  is  obviously  that  we  can  represent  Uq  in  the  following 
form: 

n  n 

u0  =  +  +  (12) 
j=i  i=i 

In  this  formula  there  is  no  interaction  between  different 
scales.  We  may  consider  each  term  of  (12)  as  a  bilinear 
mappings: 

M3VW  :  Vj  x  Wj  ->  L2( R)  =  (13) 

:  W,-  x  Wj  -»  L2(R)  =  Vy  ©y>j  Wy-  (14) 

For  numerical  purposes  we  need  formula  (12)  with  a  finite 
number  of  scales,  but  when  we  consider  limits  j  — >  oo  we 
have 

u2  =  ypPjU  +  Qju)(Qju),  (15) 

j€  z 

which  is  para-product  of  Bony,  Coifman  and  Meyer. 

Now  we  need  to  expand  (12)  into  the  wavelet  bases.  To 
expand  each  term  in  (12)  into  wavelet  basis,  we  need  to 
consider  the  integrals  of  the  products  of  the  basis  functions, 
e.g. 

/OO 

(x)dx,  (16) 

-oo 

where  j’  >  j  and 

ipj.(x)  =  2~^2rp(2~^x  —  k )  (17) 

are  the  basis  functions.  If  we  consider  compactly  supported 
wavelets  then 

Mwwwft,  k',i)  =  0  for  |fe  -  k'\  >  k0,  (18) 

where  ko  depends  on  the  overlap  of  the  supports  of  the  basis 
functions  and 


Vj0-i  — »  VJ0  _  i  we  need  significantly  fewer  coefficients 
than  for  mappings  (20),  (21).  It  is  enough  to  consider  only 
coefficients 


pOO 

M(k,k',t)  =  2~H2  /  tp(x  -  k)<p(x  —  k')<p(x 
J  OO 

where  ip(x)  is  scale  function.  Also  we  have 

M{k,  k',  t)  =  2~j/2M0(k  - 1,  k1  - 1), 


£)dx, 

(24) 

(25) 


where 

M0(p,  q)  =  J  <p(x  -  p)(p(x  -  q)ip(x)dx  (26) 

Now  as  in  section  (3)  we  may  derive  and  solve  a  system  of 
linear  equations  to  find  Mo(p ,  q)  and  obtain  explicit  repre¬ 
sentation  for  solution. 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  He- 
rrmannsfeldt  (SLAC),  Mrs.  M.  Laraneta  (UCLA),  J.  Ko- 
no  (LBL)  for  their  permanent  encouragement. 
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\Mwww(k  ~  k\  2rk  —  t)\<C  •  2~rXM  (19) 

Let  us  define  jo  as  the  distance  between  scales  such  that  for 
a  given  e  all  the  coefficients  in  (19)  with  labels  r  —  j  —  j', 
r  >  jo  have  absolute  values  less  than  e.  For  the  purposes 
of  computing  with  accuracy  e  we  replace  the  mappings  in 
(13),  (14)  by 

A7 y  w  :  Vj  x  Wj  — *  Vj  ®j<j’<j0  Wj>  (20) 

My/w  ■  Wj  x  Wj  — >  Vj  ®j<j’<j0  Wj>  (21) 

Since 

Vj  ®j<j'<jo  Wj'  =  Vj0_i  (22) 

and 

Vj  C  Vj0. i,  Wj  C  Vj0. i  (23) 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 

4.  SPIN-ORBITAL  MOTION 

A.  Fedorova.  M.  Zeitlin,  IPME,  RAS,  St.  Petersburg,  Russia  *  * 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
part  we  consider  a  model  for  spin-orbital  motion:  orbital 
dynamics  and  Thomas-BMT  equations  for  classical  spin 
vector.  We  represent  the  solution  of  this  dynamical  sys¬ 
tem  in  framework  of  biorthogonal  wavelets  via  variational 
approach.  We  consider  a  different  variational  approach, 
which  is  applied  to  each  scale. 

1  INTRODUCTION 

This  is  the  fourth  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  analy¬ 
sis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  which  is  based  on 
our  approach  to  investigation  of  nonlinear  problems  -  gen¬ 
eral,  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum,  which  are 
considered  in  the  framework  of  local  (nonlinear)  Fourier 
analysis,  or  wavelet  analysis.  Wavelet  analysis  is  a  rela¬ 
tively  novel  set  of  mathematical  methods,  which  gives  us 
a  possibility  to  work  with  well-localized  bases  in  func¬ 
tional  spaces  and  with  the  general  type  of  operators  (dif¬ 
ferential,  integral,  pseudodifferential)  in  such  bases.  In  this 
part  we  consider  spin  orbital  motion.  In  section  3  we  con¬ 
sider  generalization  of  our  approach  from  part  1  to  varia¬ 
tional  formulation  in  the  biorthogonal  bases  of  compactly 
supported  wavelets.  In  section  4  we  consider  the  different 
variational  multiresolution  approach  which  gives  us  possi¬ 
bility  for  computations  in  each  scale  separately. 

2  SPIN-ORBITAL  MOTION 

Let  us  consider  the  system  of  equations  for  orbital  motion 
and  Thomas-BMT  equation  for  classical  spin  vector  [9]: 
dq/dt  =  dHorb/dp,  dp/dt  =  —dHorb/dq,  ds/dt  = 
w  x  s,  where 


Horb  =  c\fi^rrno^  4-  e$, 

w  =  -  — - — (l+'yG)B  (1) 

m0C7 
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+ 
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TOqC37  (1  +  7) 

G  +  7G  +  1 


m: 


2c27  (1  +  7) 


[tt  x  E\, 


q  =  {qu92,qz),P  =  (pi,P2,P3)  are  canonical  position 
and  momentum,  s  =  (si,  S2,  s 3)  is  the  classical  spin  vec¬ 
tor  of  length  h/2,  tc  =  (717, 7^,7^)  is  kinetic  momen¬ 
tum  vector.  We  may  introduce  in  9-dimensional  phase 
space  z  =  ( q,p,s )  the  Poisson  brackets  {f(z),g(z)}  — 
fq9p  ~  fp9q  +  [fs  x  gs]  ■  s  and  the  Hamiltonian  equations 
are  dz/dt  =  {z,  H}  with  Hamiltonian 


H  =  Horb(q,p,t)  +  w(q,p,t)  ■  s. 

More  explicitly  we  have 

dHorb  d{w  ■  s) 
dp  dp 

dHorb  _  d(w  ■  s ) 
dq  dq 

[w;  x  s] 

We  will  consider  this  dynamical  system  also  in  another  pa¬ 
per  via  invariant  approach,  based  on  consideration  of  Lie- 
Poison  structures  on  semidirect  products.  But  from  the 
point  of  view  which  we  used  in  this  paper  we  may  con¬ 
sider  the  similar  approximations  as  in  the  preceding  parts 
and  then  we  also  arrive  to  some  type  of  polynomial  dynam¬ 
ics. 


dq 

dt 

dp 

dt 

ds 

dt 


(2) 


(3) 


3  VARIATIONAL  APPROACH  IN 
BIORTHOGONAL  WAVELET  BASES 

Because  integrand  of  variational  functionals  is  represented 
by  bilinear  form  (scalar  product)  it  seems  more  reasonable 
to  consider  wavelet  constructions  [10]  which  take  into  ac¬ 
count  all  advantages  of  this  structure.  The  action  functional 
for  loops  in  the  phase  space  is  [1 1] 

F(l)  =  [  Pdq-  [  H(t,~i{t))dt  (4) 

J  7  Jo 

The  critical  points  of  F  are  those  loops  7,  which  solve 
the  Hamiltonian  equations  associated  with  the  Hamiltonian 
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H  and  hence  are  periodic  orbits.  By  the  way,  all  critical 
points  of  F  are  the  saddle  points  of  infinite  Morse  index, 
but  surprisingly  this  approach  is  very  effective.  This  will 
be  demonstrated  using  several  variational  techniques  start¬ 
ing  from  minimax  due  to  Rabinowitz  and  ending  with  Floer 
homology.  So,  (M,  w)  is  symplectic  manifolds,  H  :  M  ~+ 
R,  H  is  Hamiltonian,  Xh  is  unique  Hamiltonian  vec¬ 
tor  field  defined  by  ui(Xh(x),v)  =  -dH(x)(v),  v  € 
TXM,  x  e  M,  where  oj  is  the  symplectic  structure. 
A  T-periodic  solution  x(t)  of  the  Hamiltonian  equations 
x  =  Xh{x)  on  M  is  a  solution,  satisfying  the  boundary 
conditions  x(T)  =  x(0),  T  >  0.  Let  us  consider  the  loop 
space  fi  =  C°0(S1,R2n),  where  S 1  =  R/Z,  of  smooth 
loops  in  R2n.  Let  us  define  a  function  $  :  fl  — »  R  by 
setting 


3>(x)  =  f  i  <  —J±,x  >  dt  —  [  H(x(t))dt,  x  e  ft 
Jo  2  Jo 

(5) 

The  critical  points  of  $  are  the  periodic  solutions  of  x  = 
Xh(x).  Computing  the  derivative  at  x  €  ft  in  the  direction 
of  y  €  ft,  we  find 

$'(x)(y)  =  ^;$(x  +  e2/)U=o  =  (6) 

f  < -Jx  -  s/H(x),y  >  dt 
Jo 

Consequently,  $'(x)(t/)  =  0  for  all  y  €  ft  iff  the  loop  x 
satisfies  the  equation 


-Jx(t)-vH(x(t))  =  0,  (7) 


i.e.  x(t)  is  a  solution  of  the  Hamiltonian  equations,  which 
also  satisfies  x(0)  =  x(l),  i.e.  periodic  of  period  1.  Pe¬ 
riodic  loops  may  be  represented  by  their  Fourier  series: 
x(t)  =  ek2*JtXk,  Xfc  6  R2k,  where  J  is  quasicomplex 
structure.  We  give  relations  between  quasicomplex  struc¬ 
ture  and  wavelets  in  our  other  paper.  But  now  we  need  to 
take  into  account  underlying  bilinear  structure  via  wavelets. 
We  started  with  two  hierarchical  sequences  of  approxima¬ 
tions  spaces  [10]: 


...V-2CV-1  C  K,  c  Ti  CV2...,  (8) 

. . .  V-2  c  V-1  C  Vo  c  Vi  C  V2  . . . , 

and  as  usually,  Wo  is  complement  to  Vo  in  V],  but  now 
not  necessarily  orthogonal  complement.  New  orthogonal¬ 
ity  conditions  have  now  the  following  form: 

Wo  -L  Vo,  Wo±Vo,  VjlWj,  VjlWj  (9) 


translates  of  ip  span  Wo,  translates  of  ip  span  Wo. 
Biorthogonality  conditions  are 


/OO 

ipjk{x)ipj'k'{x)dx  =  5kk’5jj', 
■00 


(10) 


wher eipjk(x)  =  2^2ip(2jx—k).  Functions <£>(x), (p{x—k) 
form  dual  pair:  <  ip(x  —  k),ip(x  —  €}  >=  Ski,  <  <p{x  — 
k),  ip(x  -  £)  >=  0.  Functions  tp,  (p  generate  a  multiresolu¬ 
tion  analysis.  <p{x  -  k),  ip(x  -  k)  are  synthesis  functions, 
ip(x  -  i),  ip(x  -  £)  are  analysis  functions.  Synthesis  func¬ 
tions  are  biorthogonal  to  analysis  functions.  Scaling  spaces 
are  orthogonal  to  dual  wavelet  spaces.  Two  multiresolu¬ 
tions  are  intertwining  Vj+Wj  =  Vj+ 1,  Vj+Wj  =  Vj+i. 
These  are  direct  sums  but  not  orthogonal  sums. 

So,  our  representation  for  solution  has  now  the  form 

=  (11) 

j,k 

where  synthesis  wavelets  are  used  to  synthesize  the  func¬ 
tion.  But  bjk  come  from  inner  products  with  analysis 
wavelets.  Biorthogonality  yields 

btm  =  J  f(t)ipem(t)dt.  (12) 

So,  now  we  can  introduce  this  more  complicated  construc¬ 
tion  into  our  variational  approach.  We  have  modification 
only  on  the  level  of  computing  coefficients  of  reduced  non¬ 
linear  algebraical  system.  This  new  construction  is  more 
flexible.  Biorthogonal  point  of  view  is  more  stable  un¬ 
der  the  action  of  large  class  of  operators  while  orthogonal 
(one  scale  for  multiresolution)  is  fragile,  all  computations 
are  much  more  simpler  and  we  accelerate  the  rate  of  con¬ 
vergence.  In  all  types  of  Hamiltonian  calculation,  which 
are  based  on  some  bilinear  structures  (symplectic  or  Pois- 
sonian  structures,  bilinear  form  of  integrand  in  variational 
integral)  this  framework  leads  to  greater  success.  In  par¬ 
ticular  cases  we  may  use  very  useful  wavelet  packets  from 
Fig.  1. 


— 

- wv\AAaa/'<- 

— jvWI/ wv'- 

■w\AA/v - 


Figure  1 :  Wavelet  packets. 


4  EVALUATION  OF  NONLINEARITIES 
SCALE  BY  SCALE.NON-REGULAR 
APPROXIMATION. 

We  use  wavelet  function  ip(x),  which  has  k  vanishing  mo¬ 
ments  f  xkip(x) dx  =  0,  or  equivalently  xk  —  ^  cepe(x) 
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for  each  k,  0  <  k  <  K.  Let  Pj  be  orthogonal  projector  on 
space  Vj.  By  tree  algorithm  we  have  for  any  u  £  L2(R) 
and  £  £  Z ,  that  the  wavelet  coefficients  of  Pt{u),  i.e.  the 
set  {<  u,  ipj,k  >,j  <  £  —  1,  k  £  Z}  can  be  compute  using 
hierarchic  algorithms  from  the  set  of  scaling  coefficients  in 
Vi,  i.e.  the  set  {<  u,ipe^  >,k  £  Z}  [12].  Because  for 
scaling  function  <p  we  have  in  general  only  f  <p(x)dx  =  1, 
therefore  we  have  for  any  function  u  £  L2(R): 

lim  |  2^2  <  u,<fij,k  >  —u(x)  |=  0  (13) 

j—>oo,k2-j  —*x 

If  the  integer  n(tp)  is  the  largest  one  such  that 

J  xaip(x) dx  =  0  for  1  <  a  <  n  (14) 

then  if  u  £  C(n+1)  with  u/n+1)  bounded  we  have  for  j  — > 
oo  uniformly  in  k: 

|  2j/2  <  u,  ipjik  >  - u(k2~j )  |=  0(2~j{n+1)).  (15) 

Such  scaling  functions  with  zero  moments  are  very  use¬ 
ful  for  us  from  the  point  of  view  of  time-frequency  local¬ 
ization,  because  we  have  for  Fourier  component  $(u/)  of 
them,  that  exists  some  C(<p)  £  R,  such  that  for  u  — »  0 
<E*(ai)  =  1  -(-  C( ip)  |  to  |2r+2  (remember,  that  we  con¬ 
sider  r-regular  multiresolution  analysis).  Using  such  type 
of  scaling  functions  lead  to  superconvergence  properties 
for  general  Galerkin  approximation  [12].  Now  we  need 
some  estimates  in  each  scale  for  non-linear  terms  of  type 
u  »->  /( u)  —  f  o  u,  where  f  is  C°°  (in  previous  and  future 
parts  we  consider  only  truncated  Taylor  series  action).  Let 
us  consider  non  regular  space  of  approximation  V  of  the 
form  _  _ 

V  =  vq®  Wj,  (16) 

q<j<p~ i 

with  Wj  C  Wj.  We  need  efficient  and  precise  estimate  of 
/  o  u  on  V.  Let  us  set  for  q  £  Z  and  u  £  L2{ R) 

JJ  fq(u)  =  2-g/2  /( 29/2  <  n,  <pq,k  >)  •  ipq,k  (17) 

/c€  Z 

We  have  the  following  important  for  us  estimation  (uni¬ 
formly  in  q)  for  u,  f(u)  £  H^n+l^  [12]: 

n^(/H)-n^(w)n^ =°(2"(n+i)<?)  <is> 

For  non  regular  spaces  (16)  we  set 

nw=n/.w+  xi  (i9) 

e=q,p-l 

Then  we  have  the  following  estimate: 

\\Pv  (/(«))-  nwil^2  =0(2-(n+1)9)  (20) 

uniformly  in  q  and  V  (16).  This  estimate  depends  on  q,  not 
p,  i.e.  on  the  scale  of_the  coarse  grid,  not  on  the  finest  grid 
used  in  definition  of  V.  We  have  for  total  error 

ll/(«)  -  II-WH  =  ll/(«)  -  Pyittumv 

+  \\P~(f(u)-[lf~(u))\\L,  (21) 


and  since  the  projection  error  in  V:  \\f(u)—Py  ( f(u ))  \\^ 
is  much  smaller  than  the  projection  error  in  Vq  we  have 
the  improvement  (20)  of  (18).  In  concrete  calculations  and 
estimates  it  is  very  useful  to  consider  approximations  in  the 
particular  case  of  c-structured  space: 

_  p-t 

V=  Vq  +  YsP  an{^i,k,  (22) 

j=Q 

k  £  [2^~^  —  c,2tt-1)  +  c]  mod  2J} 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC),  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement. 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
5.  MAPS  AND  DISCRETIZATION  VIA  WAVELETS 

A.  Fedorova,  M.  Zeitlin.  IPME,  RAS,  St.  Petersburg,  Russia  * f 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
part  we  consider  the  applications  of  discrete  wavelet  anal¬ 
ysis  technique  to  maps  which  come  from  discretization  of 
continuous  nonlinear  polynomial  problems  in  accelerator 
physics.  Our  main  point  is  generalization  of  wavelet  anal¬ 
ysis  which  can  be  applied  for  both  discrete  and  continuous 
cases.  We  give  explicit  multiresolution  representation  for 
solutions  of  discrete  problems,  which  is  correct  discretiza¬ 
tion  of  our  representation  of  solutions  of  the  corresponding 
continuous  cases. 

1  INTRODUCTION 

This  is  the  fifth  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  anal¬ 
ysis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  in  which  we  con¬ 
sidered  the  applications  of  a  number  of  analytical  methods 
from  nonlinear  (local)  Fourier  analysis,  or  wavelet  analy¬ 
sis,  to  nonlinear  accelerator  physics  problems  both  general 
and  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum.  Wavelet 
analysis  is  a  relatively  novel  set  of  mathematical  methods, 
which  gives  us  a  possibility  to  work  with  well-localized 
bases  in  functional  spaces  and  with  the  general  type  of 
operators  (differential,  integral,  pseudodifferential)  in  such 
bases.  In  contrast  with  parts  1-4  in  parts  5-8  we  try  to 
take  into  account  before  using  power  analytical  approaches 
underlying  algebraical,  geometrical,  topological  structures 
related  to  kinematical,  dynamical  and  hidden  symmetry  of 
physical  problems. 

In  this  paper  we  consider  the  applications  of  discrete 
wavelet  analysis  technique  to  maps  which  come  from  dis¬ 
cretization  of  continuous  nonlinear  polynomial  problems 
in  accelerator  physics.  Our  main  point  is  generalization  of 
wavelet  analysis  which  can  be  applied  for  both  discrete  and 
continuous  cases.  We  give  explicit  multiresolution  repre¬ 
sentation  for  solutions  of  discrete  problems,  which  is  cor¬ 
rect  discretization  of  our  representation  of  solutions  of  the 
corresponding  continuous  cases. 

*  e-mail:  zeitlin@math.ipine.ru 
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In  part  2  we  consider  symplectic  and  Lagrangian  struc¬ 
tures  for  the  case  of  discretization  of  flows  by  correspond¬ 
ing  maps  and  in  part  3  construction  of  corresponding  so¬ 
lutions  by  applications  of  generalized  wavelet  approach 
which  is  based  on  generalization  of  multiresolution  anal¬ 
ysis  for  the  case  of  maps. 

2  VESELOV-MARSDEN 
DISCRETIZATION 

Discrete  variational  principles  lead  to  evolution  dynamics 
analogous  to  the  Euler-Lagrange  equations  [9].  Let  Q  be 
a  configuration  space,  then  a  discrete  Lagrangian  is  a  map 
L  :  Q  x  Q  ->  R.  usually  L  is  obtained  by  approximating 
the  given  Lagrangian.  For  N  £  N+  the  action  sum  is  the 
map  S  :  QN+1  — >  R  defined  by 

N- 1 

£L(gfc+1,g*),  (1) 

k= 0 

where  qk  £Q,k  >  0.  The  action  sum  is  the  discrete  analog 
of  the  action  integral  in  continuous  case.  Extremizing  5 
over  q\,  ...,gjv-i  with  fixing  qo,qN  we  have  the  discrete 
Euler-Lagrange  equations  (DEL): 

D2L{qk+i,qk)  +  Di(qk,qq-1)  =  0,  (2) 

for  A;  =  1, . . . ,  N  —  1. 

Let 

$:QxQ-M?xQ  (3) 

and 

${ik,qk-i)  =  (qk+i,qk)  (4) 

is  a  discrete  function  (map),  then  we  have  for  DEL: 

D2Lo<f>  +  DiL  =  0  (5) 

or  in  coordinates  q'  on  Q  we  have  DEL 

dL  .  .  dL  .  .  -  ,cs 

7To%+1,?i,)l7i — Wfe+i,?fe)-0.  (6) 

It  is  very  important  that  the  map  $  exactly  preserves  the 

symplectic  form  u: 

d2L 

W  ~  "aiaj .  (qk+1  ’  A  dqk+l  (7> 

oqkoqi+1 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2909 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


3  GENERALIZED  WAVELET 
APPROACH 

Our  approach  to  solutions  of  equations  (6)  is  based  on  ap¬ 
plications  of  general  and  very  efficient  methods  developed 
by  A.  Harten  [10],  who  produced  a  "General  Framework" 
for  multiresolution  representation  of  discrete  data. 

It  is  based  on  consideration  of  basic  operators,  decima¬ 
tion  and  prediction,  which  connect  adjacent  resolution  lev¬ 
els.  These  operators  are  constructed  from  two  basic  blocks: 
the  discretization  and  reconstruction  operators.  The  former 
obtains  discrete  information  from  a  given  continuous  func¬ 
tions  (flows),  and  the  latter  produces  an  approximation  to 
those  functions,  from  discrete  values,  in  the  same  function 
space  to  which  the  original  function  belongs. 

A  "new  scale"  is  defined  as  the  information  on  a  given 
resolution  level  which  cannot  be  predicted  from  discrete 
information  at  lower  levels.  If  the  discretization  and  recon¬ 
struction  are  local  operators,  the  concept  of  "new  scale"  is 
also  local. 

The  scale  coefficients  are  directly  related  to  the  predic¬ 
tion  errors,  and  thus  to  the  reconstruction  procedure.  If 
scale  coefficients  are  small  at  a  certain  location  on  a  giv¬ 
en  scale,  it  means  that  the  reconstruction  procedure  on  that 
scale  gives  a  proper  approximation  of  the  original  function 
at  that  particular  location. 

This  approach  may  be  considered  as  some  generalization 
of  standard  wavelet  analysis  approach.  It  allows  to  consid¬ 
er  multiresolution  decomposition  when  usual  approach  is 
impossible  (^-functions  case).  We  demonstrated  the  dis¬ 
cretization  of  Dirac  function  by  wavelet  packets  on  Fig.  1 
and  Fig.  2. 

Let  F  be  a  linear  space  of  mappings 

F  C  {/|/  :  A  Y},  (8) 

where  X,  Y  are  linear  spaces.  Let  also  £>*  be  a  linear  op¬ 
erator 

Dk.f^{vk},  vk  =  Dkf, 

»*  =  {«?},  vk  £  Y.  (9) 

This  sequence  corresponds  to  k  level  discretization  of  X. 
Let 

Dk(F)  =  Vk  =span{77f}  (10) 

and  the  coordinates  of  vk  £  Vk  in  this  basis  are  vk  =  {Of}, 
vk£Sk: 

=  (11) 

* 

Dk  is  a  discretization  operator.  Main  goal  is  to  design  a 
multiresolution  scheme  (MR)  [10]  that  applies  to  all  se¬ 
quences  s  £  SL,  but  corresponds  for  those  sequences 
vL  £  SL ,  which  are  obtained  by  the  discretization  (8). 

Since  Dk  maps  F  onto  Vk  then  for  any  vk  C  Vk  there 
is  at  least  one  f  in  F  such  that  Dkf  =  vk.  Such  correspon¬ 
dence  from  /  £  F  to  vk  £  Vk  is  reconstruction  and  the 
corresponding  operator  is  the  reconstruction  operator  Rk : 

Rk  -  Vk  — >■  F,  DkRk  =  Ik,  (12) 


where  Ik  is  the  identity  operator  in  Vk  (Rk  is  right  inverse 
of  Dk  in  Vk). 

Given  a  sequence  of  discretization  {Dk}  and  sequence 
of  the  corresponding  reconstruction  operators  {Rk},  we 
define  the  operators  Dk~l  and  Pk_x 

Dkk-X  =  Dk-\Rk  :  Vk  ->■  I4-i  (13) 

PLx  =  DkRk-i  :  14-i  ->  14 

If  the  set  Dk  in  nested  [10],  then 

tfr'pt-  i  =  h-i  d4) 

and  we  have  for  any  /  6  F  and  any  p  €  F  for  which  the 
reconstruction  Rk- 1  is  exact: 

Dkk-l{Dkf)  =  Dk-if  (15) 

Pk-i{Dk-ip)  =  Dkp 

Let  us  consider  any  vL  £  VL,  Then  there  is  f  £  F  such 
that 

vL  =  DLf,  (16) 

and  it  follows  from  (15)  that  the  process  of  successive  dec¬ 
imation  [10] 

vk~1  =  Dk~1  vk,  k  =  L,...,  1  (17) 

yields  for  all  k 

vk  =  Dkf  (18) 

Thus  the  problem  of  prediction,  which  is  associated  with 

the  corresponding  MR  scheme,  can  be  stated  as  a  prob¬ 
lem  of  approximation:  knowing  Dk-if,f  £  F,  find  a 
"good  approximation"  for  Dkf.  It  is  very  important  that 
each  space  VL  has  a  multiresolution  basis 

BM  =  {i°i’L}i,{{4’kj’L}j}Lk=i  (19) 

and  that  any  vL  £  VL  can  be  written  as 

vl  =  J2  vWL + e  E  djtf,L  >  (2°) 

i  k= 1  j 

where  {dk}  are  the  k  scale  coefficients  of  the  associated 
MR,  }  is  defined  by  (1 1)  with  k  =  0.  If  {Dk}  is  a  nest¬ 
ed  sequence  of  discretization  [10]  and  {/?*}  is  any  corre¬ 
sponding  sequence  of  linear  reconstruction  operators,  then 
we  have  from  (20)  for  vL  =  Di,f  applying  Rl'. 

RLDLf = e  fU°i'L + E  E  rfK,L’  <21> 

>'  k= 1  j 

where 

$'L  =  Rl4>°’l  €  F,  =  RLi’k'L  e  F, 

D0f  =  J2firli-  (22) 
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Figure  1 :  Wavelet  packets. 
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Figure  2:  The  discretization  of  Dirac  function. 

When  L  — »  oo  we  have  sufficient  conditions  which  ensure 
that  the  limiting  process  L  ->  oo  in  (21,  22)  yields  a  mul¬ 
tiresolution  basis  for  F.  Then,  according  to  (19),  (20)  we 
have  very  useful  representation  for  solutions  of  equations 

(6)  or  for  different  maps  construction  in  the  form  which  are 
a  counterparts  for  discrete  (difference)  cases  of  construc¬ 
tions  from  parts  1-4. 

We  are  very  grateful  to  M.  Cornacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC)  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement. 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
8.  INVARIANT  BASES,  LOOPS  AND  KAM 

A.  Fedorova,  M.  Zeitlin.  IPME,  RAS,  St.  Petersburg,  Russia  * t 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
part  we  consider  variational  wavelet  approach  for  loops,  in¬ 
variant  bases  on  semidirect  product,  KAM  calculation  via 
FWT. 


1  INTRODUCTION 

This  is  the  eighth  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  analy¬ 
sis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  in  which  we  con¬ 
sidered  the  applications  of  a  number  of  analytical  methods 
from  nonlinear  (local)  Fourier  analysis,  or  wavelet  analy¬ 
sis,  to  nonlinear  accelerator  physics  problems  both  general 
and  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum.  Wavelet 
analysis  is  a  relatively  novel  set  of  mathematical  methods, 
which  gives  us  a  possibility  to  work  with  well-localized 
bases  in  functional  spaces  and  with  the  general  type  of 
operators  (differential,  integral,  pseudodifferential)  in  such 
bases.  In  contrast  with  parts  1-4  in  parts  5-8  we  try  to 
take  into  account  before  using  power  analytical  approaches 
underlying  algebraical,  geometrical,  topological  structures 
related  to  kinematical,  dynamical  and  hidden  symmetry  of 
physical  problems.  In  section  2  we  consider  wavelet  ap¬ 
proach  for  calculation  of  Arnold- Weinstein  curves  (closed 
loops)  in  Floer  variational  approach.  In  section  3  we  con¬ 
sider  the  applications  of  orbit  technique  for  constructing 
different  types  of  invariant  wavelet  bases  in  the  particular 
case  of  affine  Galilei  group  with  the  semiproduct  structure. 
In  section  4  we  consider  applications  of  very  useful  fast 
wavelet  transform  (FWT)  technique  (part  6)  to  calculations 
in  KAM  theory  (symplectic  scale  of  spaces).  This  method 
gives  maximally  sparse  representation  of  (differential)  op¬ 
erator  that  allows  us  to  take  into  account  contribution  from 
each  level  of  resolution. 
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2  FLOER  APPROACH  FOR  CLOSED 
LOOPS 

Now  we  consider  the  generalization  of  wavelet  variational 
approach  to  the  symplectic  invariant  calculation  of  closed 
loops  in  Hamiltonian  systems  [9].  As  we  demonstrated 
in  [3]— [4]  we  have  the  parametrization  of  our  solution  by 
some  reduced  algebraical  problem  but  in  contrast  to  the 
cases  from  parts  1-4,  where  the  solution  is  parametrized  by 
construction  based  on  scalar  refinement  equation,  in  sym¬ 
plectic  case  we  have  parametrization  of  the  solution  by  ma¬ 
trix  problems  -  Quadratic  Mirror  Filters  equations.  Now 
we  consider  a  different  approach.  Let(M,  oj)  be  a  compact 
symplectic  manifold  of  dimension  2 n,  uj  is  a  closed  2-form 
(nondegenerate)  on  M  which  induces  an  isomorphism 
T*M  — >  TM.  Thus  every  smooth  time-dependent  Hamil¬ 
tonian  H  :  R  x  M  — >  R  corresponds  to  a  time-dependent 
Hamiltonian  vector  field  Xfj  :  R  x  M  — >  TM  defined 
by  u;(A//(f,x),£)  =  -dxH(t,x)£  for  £  6  TXM.  Let  H 
(and  Xh )  is  periodic  in  time:  H{t  +  T,x)  =  H (t ,  x)  and 
consider  corresponding  Hamiltonian  differential  equation 
on  M:  x(t)  =  Xn{t,x{t))  The  solutions  x{t)  determine 
a  1 -parameter  family  of  diffeomorphisms  ipt  6  Diff(M) 
satisfying  tpt,(x(0))  —  x(t).  These  diffeomorphisms  are 
symplectic:  ui  =  tpl cu.  Let  L  =  LtM  be  the  space  of 
contractible  loops  in  M  which  are  represented  by  smooth 
curves  7  :  R  — >  M  satisfying  7(t  +  T)  =  7(f).  Then 
the  contractible  T-periodic  solutions  can  be  characterized 
as  the  critical  points  of  the  functional  S  =  St  '■  L  —>  R: 

•St  (7)  =  -  [  u*co+  [T  H(t,7(t))dt,  (1) 

Jd  Jo 

where  D  C  C  be  a  closed  unit  disc  and  u  :  D  — >  M  is 
a  smooth  function,  which  on  boundary  agrees  with  7,  i.e. 
u(exp{27ri0})  =  7 (@T).  Because  [u>],  the  cohomology 
class  of  cu,  vanishes  then  St( 7)  is  independent  of  choice 
of  u.  Tangent  space  TjL  is  the  space  of  vector  fields  £  € 
along  7  satisfying  £(f  +  T)  =  £(t).  Then  we 
have  for  the  1-form  d /  :  TL  — >  R 

dSr(7)£=  /T(w(7,U  +  dF(f,7)£)df  (2) 

Jo 

and  the  critical  points  of  S  are  contractible  loops  in  L 
which  satisfy  the  Hamiltonian  equations.  Thus  the  criti¬ 
cal  points  are  precisely  the  required  T-periodic  solutions. 
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To  describe  the  gradient  of  S  we  choose  a  on  almost  com¬ 
plex  structure  on  M  which  is  compatible  with  u>.  This  is  an 
endomorphism  J  e  C°°(End(TM))  satisfying  J 2  =  —  I 
such  that  <?(£,  7 f)  —  w(£,J(x)r 7),  £,77  €  TXM  defines  a 
Riemannian  metric  on  M.  The  Hamiltonian  vector  field  is 
then  represented  by  Xu(t,x)  —  J(x)VH(t,x),  where  V 
denotes  the  gradient  w.r.t.  the  x-variable  using  the  metric. 
Moreover  the  gradient  of  5  w.r.t.  the  induced  metric  on 
L  is  given  by  gradS(7)  =  J( 7)7  4-  7),  7  £  L. 

Studying  the  critical  points  of  S  is  confronted  with  the 
well-known  difficulty  that  the  variational  integral  is  nei¬ 
ther  bounded  from  below  nor  from  above.  Moreover,  at 
every  possible  critical  point  the  Hessian  of  /  has  an  infinite 
dimensional  positive  and  an  infinite  dimensional  negative 
subspaces,  so  the  standard  Morse  theory  is  not  applicable. 
The  additional  problem  is  that  the  gradient  vector  field  on 
the  loop  space  L:  d7/ds  =  — grad/(7)  does  not  define 
a  well  posed  Cauchy  problem.  But  Floer  [9]  found  a  way 
to  analyse  the  space  M  of  bounded  solutions  consisting  of 
the  critical  points  together  with  their  connecting  orbits.  He 
used  a  combination  of  variational  approach  and  Gromov’s 
elliptic  technique.  A  gradient  flow  line  of  /  is  a  smooth 
solution  u  :  R  — >  M  of  the  partial  differential  equation 

^  +  J(u)^  +  VH(t,u)  =  0,  (3) 

which  satisfies  u(s,  t  +  T)  =  u(s,  t).  The  key  point  is  to 
consider  (3)  not  as  the  flow  on  the  loop  space  but  as  an  el¬ 
liptic  boundary  value  problem.  It  should  be  noted  that  (3) 
is  a  generalization  of  equation  for  Gromov’s  pseudoholo- 
morphic  curves  (correspond  to  the  case  VH  =  0  in  (3)). 
Let  Mr  =  Mt{H,  J )  the  space  of  bounded  solutions  of 
(3),  i.e.  the  space  of  smooth  functions  u  :  C/iTZ  — >  M, 
which  are  contractible,  solve  equation  (3)  and  have  finite 
energy  flow: 

'M“>  =  Hi  ('s|S  +  's  - x*<i.“)l2)d,ds- 

(4) 

For  every  u  €  Mt  there  exists  a  pair  x,  y  of  contractible 
T-periodic  solutions,  such  that  u  is  a  connecting  orbit  from 
y  to  x:  lims__oo  u(s,t)  =  y(t),  lims_+OQ  =  x(f).  Then 
our  approach  from  preceding  parts,  which  we  may  apply  or 
on  the  level  of  standard  boundary  problem  or  on  the  level  of 
variational  approach  and  representation  of  operators  (in  our 
case,  J  and  V)  according  to  part  6(FWT  technique)  lead  us 
to  wavelet  representation  of  closed  loops. 

3  CONTINUOUS  WAVELET 
TRANSFORM.  BASES  FOR 
SOLUTIONS. 

When  we  take  into  account  the  Hamiltonian  or  Lagrangian 
structures  from  part  7  we  need  to  consider  generalized 
wavelets,  which  allow  us  to  consider  the  corresponding 
structures  instead  of  compactly  supported  wavelet  repre¬ 
sentation  from  parts  1-4.  We  consider  an  important  par¬ 
ticular  case  of  constructions  from  part  7:  affine  relativity 


group  (relativity  group  combined  with  dilations)  —  affine 
Galilei  group  in  n-dimensions.  So,  we  have  combination  of 
Galilei  group  with  independent  space  and  time  dilations: 
Gaff  =  Gm  >0  D2,  where  D2  =  (R^)2  ^  R2,  Gm 
is  extended  Galilei  group  corresponding  to  mass  param¬ 
eter  m  >  0  ( Gaff  is  noncentral  extension  of  G  D2 
by  R,  where  G  is  usual  Galilei  group).  Generic  element 
of  Gaff  is  g  =  ($, bo, b;v;R, ao, a),  where  $  €  R  is 
the  extension  parameter  in  Gm,  bo  €  R,  b  6  Rn  are 
the  time  and  space  translations,  v  €  R"  is  the  boost  pa¬ 
rameter,  R  €  SO(n)  is  a  rotation  and  ao,o  €  R+  are 
time  and  space  dilations.  The  actions  of  g  on  space-time 
is  then  x  1— >  aRx  +  aovt  +  b,  t  >— >  aot  -I-  bo,  where 
x  =  (xi,x2, ...,  xn).  It  should  be  noted  that  D2  acts  non- 
trivially  on  Gm.  Space-time  wavelets  associated  to  Gaff 
corresponds  to  unitary  irreducible  representation  of  spin 
zero.  It  may  be  obtained  via  orbit  method.  The  Hilbert 
space  is  H  =  L2(Rn  x  R,  dkduj),  k  =  (ki, ...,  kn),  where 
Rn  x  R  may  be  identified  with  usual  Minkowski  space  and 
we  have  for  representation: 

( U(g)'$)(k,LJ )  =  i/aoanexpi(m$  +  kb  —  ubo)^(k' 

(5) 

with  k'  =  aR_1(k  -I-  mv),  u’  =  oo(u>  —  kv  —  ^mv2), 
m'  —  (a2 /ao)m.  Mass  m  is  a  coordinate  in  the  dual  of 
the  Lie  algebra  and  these  relations  are  a  part  of  coadjoint 
action  of  Gaff.  This  representation  is  unitary  and  irre¬ 
ducible  but  not  square  integrable.  So,  we  need  to  consider 
reduction  to  the  corresponding  quotients  X  =  G/H.  We 
consider  the  case  in  which  H={phase  changes  $  and  space 
dilations  a}.  Then  the  space  X  —  G/H  is  parametrized 
by  points  x  =  (60,  b;  v;  R\  a0).  There  is  a  dense  set  of  vec¬ 
tors  77  €  H  admissible  mod(i7,  ap),  where  073  is  the  corre¬ 
sponding  section.  We  have  a  two-parameter  family  of  func¬ 
tions  /^(dilations):  (3(x)  =  (yo  +  X^ao)1^2,  A0,  go  €  R. 
Then  any  admissible  vector  77  generates  a  tight  frame  of 
Galilean  wavelets 

V 0(x){k,v)  =  \Jao(no  +  Xoao)n/2el('kb~ubo)r](k',u'), 

(6) 

with  k'  —  (no  +  Aoa)J/2J?  1(k  +  mv),  a/  =  ao(u>  — 
kv  —  mv2/ 2).  The  simplest  examples  of  admissible  vec¬ 
tors  (corresponding  to  usual  Galilei  case)  are  Gaussian 
vector:  77 (k)  ~  exp(—k2/2mu)  and  binomial  vector: 
ri(k)  ~  (1  +  k2 /2mu)~a/2,  a  >  1/2,  where  u  is  a 
kind  of  internal  energy.  When  we  impose  the  relation 
a0  =  a 2  then  we  have  the  restriction  to  the  Galilei- 
Schrodinger  group  Gs  =  Gm  cxi  Ds,  where  Ds  is  the 
one-dimensional  subgroup  of  D2.  Gs  is  a  natural  in¬ 
variance  group  of  both  the  Schrodinger  equation  and  the 
heat  equation.  The  restriction  to  Gs  of  the  represen¬ 
tation  (29)  splits  into  the  direct  sum  of  two  irreducible 
ones  U  =  (/+©(/_  corresponding  to  the  decomposi¬ 
tion  L2(Rn  x  R,  dkduj)  =  H+  ©  H-,  where  7i±  — 
L2{D±, dkduj  =  {ip  €  L2(Rn  x  R.dikda;),  ip(k,uj )  = 
0  for  uj  +  k2 /2m  =  0}.  These  two  subspaces  are  the  ana¬ 
logues  of  usual  Hardy  spaces  on  R,  i.e.  the  subspaces  of 
(anti)progressive  wavelets  (see  also  below,  part  III  A).  The 
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two  representation  U±  are  square  integrable  modulo  the 
center.  There  is  a  dense  set  of  admissible  vectors  77,  and 
each  of  them  generates  a  set  of  CS  of  Gilmore-Perelomov 
type.  Typical  wavelets  of  this  kind  are:  the  Schrodinger- 
Marr  wavelet:  rj(x,t)  =  (idt  +  A/2m)e-^2+t2'/2,  the 
Schrodinger-Cauchy  wavelet:  ip(x,  t)  =  (idt  4-  A /2m)  x 
(t  +  i)  n;=1(x,  +  i)_1.  So,  in  the  same  way  we  can  con¬ 
struct  different  invariant  bases  with  explicit  manifestation 
of  underlying  symmetry  for  solving  Hamiltonian  or  La- 
grangian  equations. 

4  SYMPLECTIC  HILBERT  SCALES  VIA 
WAVELETS 

We  can  solve  many  important  dynamical  problems  such 
that  KAM  perturbations,  spread  of  energy  to  higher  modes, 
weak  turbulence,  growths  of  solutions  of  Hamiltonian 
equations  only  if  we  consider  scales  of  spaces  instead  of 
one  functional  space.  For  Hamiltonian  system  and  their 
perturbations  for  which  we  need  take  into  account  under¬ 
lying  symplectic  structure  we  need  to  consider  symplectic 
scales  of  spaces.  So,  if  u{t)  —  JWK(u(t))  is  Hamilto¬ 
nian  equation  we  need  wavelet  description  of  symplectic  or 
quasicomplex  structure  on  the  level  of  functional  spaces.  It 
is  very  important  that  according  to  [12]  Hilbert  basis  is  in 
the  same  time  a  Darboux  basis  to  corresponding  symplec¬ 
tic  structure.  We  need  to  provide  Hilbert  scale  {Zsj  with 
symplectic  structure  [12].  All  what  we  need  is  the  follow¬ 
ing.  J  is  a  linear  operator,  J  :  ■Z’oo  Zoo,  J(Zoo)  —  Zoo, 
where  Zoo  =  n Zs.  J  determines  an  isomorphism  of  scale 
{Zs}  of  order  dj  >  0.  The  operator  J  with  domain  of  def¬ 
inition  Zoo  is  antisymmetric  in  Z\  <  Jz\,z2  >z=  -  < 
zi,Jz2  >z,z_ it *2  €  Zoo ■  Then  the  triple  {Z,{Zs\s  € 
Rj,  a  =<  Jdz,dz  >}  is  symplectic  Hilbert  scale.  So, 
we  may  consider  any  dynamical  Hamiltonian  problem  on 
functional  level.  As  an  example,  for  KdV  equation  we 
have  Zs  =  {u(x)  €  //^(T1)!  u(x)dx  =  0},  s  €  R, 
J  =  d/dx,  is  isomorphism  of  the  scale  of  order  one, 
J  =  -(J)-1  is  isomorphism  of  order  —1.  According  to 
[13]  general  functional  spaces  and  scales  of  spaces  such 
as  Holder-Zygmund,  Triebel-Lizorkin  and  Sobolev  can  be 
characterized  through  wavelet  coefficients  or  wavelet  trans¬ 
forms.  As  a  rule,  the  faster  the  wavelet  coefficients  decay, 
the  more  the  analyzed  function  is  regular  [13].  Most  im¬ 
portant  for  us  example  is  the  scale  of  Sobolev  spaces.  Let 
Hk(Rn)  is  the  Hilbert  space  of  all  distributions  with  finite 
norm  ||s||^(fin)  =  / d£(l  +  |£|2)fc/2|s(0|2-  Let  us  con¬ 
sider  wavelet  transform 

w‘nb'a)= SR^h'9ir/r),(x)’ 

b  e  Rn,  a  >  0,  w.r.t.  analyzing  wavelet  g,  which  is 
strictly  admissible,  i.e.  CSi5  =  /0°°(da/a)|5(afc)|2  <  00. 

Then  there  is  a  c  >  1  such  that 

c-^s\\2„kl*)<fHn^(l  +  *-2y)\x 


Wgs(b,a)\2  <  c||s||^(J?n). 

This  shows  that  localization  of  the  wavelet  coefficients  at 
small  scale  is  linked  to  local  regularity.  So,  we  need  repre¬ 
sentation  for  differential  operator  ( J  in  our  case)  in  wavelet 
basis.  We  consider  it  by  means  of  the  methods  from  part  6. 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC)  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement. 

5  REFERENCES 

[1]  Fedorova,  A.N.,  Zeitlin,  M.G.  ’Wavelets  in  Optimization 
and  Approximations’,  Math,  and  Comp,  in  Simulation,  46, 
527-534  (1998). 

[2]  Fedorova,  A.N.,  Zeitlin,  M.G.,  ’Wavelet  Approach  to  Poly¬ 
nomial  Mechanical  Problems’,  New  Applications  of  Non¬ 
linear  and  Chaotic  Dynamics  in  Mechanics,  Kluwer,  101- 
108,  1998. 

[3]  Fedorova,  A.N.,  Zeitlin,  M.G.,  ’Wavelet  Approach  to  Me¬ 
chanical  Problems.  Symplectic  Group,  Symplectic  Topol¬ 
ogy  and  Symplectic  Scales’,  New  Applications  of  Nonlinear 
and  Chaotic  Dynamics  in  Mechanics,  Kluwer,  31-40,  1998. 

[4]  Fedorova,  A.N.,  Zeitlin,  M.G  ’Nonlinear  Dynamics  of  Ac¬ 
celerator  via  Wavelet  Approach’,  AIP  Conf.  Proc.,  vol.  405, 
87-102,  1997,  Los  Alamos  preprint,  physics/9710035. 

[5]  Fedorova,  A.N.,  Zeitlin,  M.G,  Parsa,  Z.,  ’Wavelet  Approach 
to  Accelerator  Problems’,  parts  1-3,  Proc.  PAC97,  vol.  2, 
1502-1504,  1505-1507,  1508-1510,  IEEE,  1998. 

[6]  Fedorova,  A.N.,  Zeitlin,  M.G,  Parsa,  Z.,  ’Nonlinear  Effects 
in  Accelerator  Physics:  from  Scale  to  Scale  via  Wavelets’, 
’Wavelet  Approach  to  Hamiltonian,  Chaotic  and  Quantum 
Calculations  in  Accelerator  Physics’,  Proc.  EPAC’98,  930- 
932,  933-935,  Institute  of  Physics,  1998. 

[7]  Fedorova,  A.N.,  Zeitlin,  M.G.,  Parsa,  Z.,  ’Variational  Ap¬ 
proach  in  Wavelet  Framework  to  Polynomial  Approxima¬ 
tions  of  Nonlinear  Accelerator  Problems’,  AIP  Conf.  Proc., 
vol.  468, 48-68,  1999. 

Los  Alamos  preprint,  physics/9902062. 

[8]  Fedorova,  A.N.,  Zeitlin,  M.G.,  Parsa,  Z.,  ’Symmetry,  Ha¬ 
miltonian  Problems  and  Wavelets  in  Accelerator  Physics’, 
AIP  Conf. Proc.,  vol.  468,  69-93, 1999. 

Los  Alamos  preprint,  physics/9902063. 

[9]  Antoine,  J.-R,  UCL,  96-08,  95-02. 

[10]  G.B.  Folland,  ’Harmonic  Analysis  in  Phase  Space’,  Prince¬ 
ton,  1989. 

[11]  Hofer,  E.,  Zehnder,  E.,  Symplectic  Topology.  Birkhauser, 
1994. 

[12]  S.  Kuksin,  Nearly  integrable  Hamiltonian  systems.  Sprin¬ 
ger,  1993. 

[13]  M.  Holschneider,  CPT-96/P3344,  Marseille. 


2914 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


EMITTANCE  GROWTH  BY  SYNCHROTRON  RADIATION  IN  A 

DOUBLE-SIDED  MICROTRON* 

J.  Herrmann,  K.-H.  Kaiser*,  S.  Ratschow 
Institut  fuer  Kemphysik,  J.-Gutenberg  Universitaet,  D-55099  Mainz,  Germany 

V.I.  Shvedunov 

Institute  of  Nuclear  Physics,  Moscow  State  University,  R-l  19899  Moscow,  Russia 


Abstract 

Here  we  present  results  of  calculations  of  emittance 
growth  caused  by  quantum  fluctuations  of  synchrotron 
radiation  (QFSR)  for  a  1.5GeV  Double-Sided  Microtron 
(DSM)  [1],  We  did  both  semi-analytical  estimations, 
employing  known  twiss  parameters  for  the  DSM  orbits, 
and  a  computer  simulation  of  these  stochastical  effects 
using  the  program  SYTRACE  [2].  This  showed  that  the 
normalized  emittance  growth  was  within  reasonable 
limits,  by  a  factor  of  about  1.5,  thus  permitting  e.g.  the 
installation  of  small  aperture  linacs  on  the  DSM  axes. 

1  INTRODUCTION 

A  Double-Sided  Microtron  (DSM)  is  being  planned  to 
upgrade  the  three-staged  cw  racetrack  microtron  (RTM) 
cascade  MAMI  from  0.855GeV  to  1.5GeV.  The  DSM 
consists  of  two  rf  linacs  interconnected  by  symmetrical 
pairs  of  90°  segment  magnets  (s.  fig.l).  The  scheme  of  the 
RTM  is  unpractical  in  this  energy  range  because  of  the 
excessive  weight  of  its  end  magnets.  The  relatively  strong 
vertical  defocusing  by  the  45°-pole  face  inclination  at  both 
the  beam  entrance  and  the  exit  of  the  segment  magnets  is 
compensated  in  the  whole  energy  range  by  an  appropriate 
field  gradient  normal  to  the  pole  edge  [3].  Since  the 
parallel-to-parallel  optics  in  the  horizontal  plane  is  not 
affected  by  this  two-dimensional  field  gradient,  a  pair  of 
end  magnets  acts  as  energy-dependent  effective  drift 
spaces  which  are  specific  for  the  horizontal  and  vertical 
planes.  Beam  focusing  is  provided  by  four  quadrupole 
doublets  (two  of  which,  Q,&Q2  and  Q3&Q,,  are  shown  in 
Fig.  1),  installed  between  linacs  and  90°  end  magnets  (M,, 
Mj).  The  main  parameters  of  the  DSM  are  given  in  Table 
I. 

As  a  consequence  of  the  field  gradient,  the  coherent 
energy  gain  per  turn  is  no  longer  constant,  leading  to  a 
shift  of  the  central  bunch  phase  during  the  acceleration 
process.  Investigations  of  the  longitudinal  beam  dynamics 
have  shown  that  the  stability  with  respect  to  small 
deviations  of  the  accelerator  parameters  can  be  improved 
significantly  by  operating  one  of  the  linacs  at  the  first 
subharmonic  of  the  DSM  frequency.  This  is  possible 
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because  at  our  subharmonic  injection  (the  MAMI-RTMs 
are  operating  at  half  the  DSM-frequency),  only  every 
second  wave  crest  is  occupied  in  one  of  the  two  DSM 
linacs. 

For  both  the  design  of  the  DSM  and  the  use  of  its  beam 
in  nuclear  and  particle  physics  experiments  it  is  extremely 
important  to  make  reliable  predictions  about  the  emittance 
of  the  beam.  Horizontal  emittance  growth  by  QFSR  was 
calculated  and  confirmed  by  measurements  [4]  for  the 
third  microtron  (RTM3).  QFSR  induced  longitudinal  and 
horizontal  emittance  growth  for  general  polytron  scheme 
has  been  estimated  in  [5]. 

We  used  a  simplified  semi-analytical  approach  to  obtain 
horizontal  emittance  dependence  on  the  beam  energy  and 
to  estimate  beam  losses.  Computer  simulation  with 
particle  tracking  code  SYTRACE  takes  into  account  the 
bending  magnets  field  gradient,  the  possible  beam 
mismatch,  the  change  of  beam  ellipse  parameters  under 
synchrotron  radiation  and  the  nonlinear  distortions  of 
longitudinal  phase  space. 


Figure  1.  HalfofDSM. 


Table  I.  DSM  main  parameters. 


Injection  energy 

0.855  GeV 

Maximum  output  energy 

1.5  GeV 

Number  of  orbits 

43 

Energy  gain  per  turn 

16.58-13.66  MeV 

Linac  1  frequency 

2.4495  GHz 

Linac  2  frequency 

4.899  GHz 

Field  induction 

1.53-0.95  T 

0-7803-5573-3/99/$10.00@  1999  IEEE. 
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2  HORIZONTAL  EMITTANCE  normalized  horizontal  emittance  is  by  a  factor  of  about 

1.5. 


2.1  Semi-analytical  estimations 


Supposing  strict  mirror  symmetry  of  the  DSM  optical 
scheme  in  canonical  coordinates,  uniform  end  magnet 
field  and  following  [6],  [7]  we  obtain  the  next  estimate  for 
the  average  emittance  growth  after  passage  of  one  pair  of 
end  magnets  at  the  i-th  half-turn: 


A(4  = 


E\ 


n 


-Pu  -2r,au  + 


(  3 K 


-4  r-Yu 


(1) 


where:  /af2^  is  the  mean  square  beam  energy  spread  due 


to  synchrotron  radiation  per  unit  of  bending  angle,  E,  - 
beam  energy  and  /?„,  aip  yXi  -  horizontal  plane  twiss 
parameters  at  point  1  (Fig.  1),  i=l,2,...2N,  N  -  total 
number  of  turns. 


55  e4h 
96-J3  n £0c(yn0cf 


B2yf  ~  4.96xl0~22  B2yf 


(2) 


where  B  is  field  in  T  and  -  relative  beam  energy. 

Formula  (1)  takes  into  account  that  pairs  of  DSM  end 
magnets  are  achromatic.  Twiss  parameters  at  point  1  are 
obtained  from  the  known  twiss  parameters  at  the  linacl 
center  (see  Fig.  2)  through  matrix  transformations 
involving  matrices  for  the  half  linac,  the  drift  spaces,  the 
quadrupole  singlets  and  the  45°  pole  face  rotation  at  the 
entrance  of  M,. 


Figure  2.  Energy  dependence  of  the  horizontal  and 
vertical  DSM  [3-functions  at  linac  centers. 


Taking  into  account  the  pseudo-damping  due  to 
acceleration  while  neglecting  other  sources  of  emittance 
growth,  the  average  emittance  after  n  turns  is: 


(£).m(e)of-+y-%A(£),ri’ 

f  2 n  t  2n  i-1 


(3) 


where  (e)  and  }0  are  emittance  and  relative  energy  at 


injection. 

In  Fig.  3  the  dependence  of  DSM  horizontal  emittance 
on  energy  is  shown,  calculated  with  formulas  (l)-(3).  The 
initial  value  of  average  emittance  at  0.855  GeV  was  taken 
to  be  0.0107  7t  mmxmrad  [4],  Thus  total  growth  of  the 


Figure  3:  Horizontal  emittance  behaviour  in  DSM. 

For  "clean"  DSM  operation,  relative  particle  losses 
during  acceleration  must  be  of  less  than  10'5.  To  obtain 
estimations  of  the  aperture  radius  bj  rj),  providing  the 
transmission  of  a  certain  fraction  7]  of  the  beam  current  at 
some  specific  point  along  the  accelerator  at  the  n-th  turn, 
we  use: 

l>n(rl)  =  yl(£)Jn<t>~'(Tl)’  (5) 

here  pn  -  horizontal  beta  function  at  a  considered  point 
and  <J>_1  (77)  -  inverse  error  function. 

The  most  dangerous  positions  in  DSM  from  the  point  of 
view  of  beam  losses  are  the  linac  ends,  where 
|3  -function  pte  is  close  to  maximum  and  is  connected  with 
that  at  linac  center,  shown  at  Fig.  2  by  ph~P  +  l\nf p , 

where  Lm  is  half  linac  length.  Beam  aperture  radii  for 
transmission  of  a  certain  beam  current  fraction,  calculated 
with  formula  (5),  are  shown  in  Fig.  4.  In  spite  of 
emittance  growth,  starting  from  about  1300  MeV,  beam 
limiting  aperture  steadily  decreased  with  energy  because 
of  the  horizontal  P-function  pie  decrease.  The  estimated 
minimum  beam  aperture  radius  for  beam  losses  at  the 
level  of  10'5  is  less  than  1.2  mm,  while  the  beam  hole 
radius  for  the  4.9  GHz  linac  will  be  5  mm. 


Figure  4.  Beam  aperture  radius  for  transmission  of 
different  fractions  of  beam  current. 
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2.2  Results  ofSYTRACE  simulation 

SYTRACE  [2]  is  an  extension  of  the  well-proven 
PTRACE  [8]  code,  used  for  the  design  of  the  MAMI 
RTMs.  It  includes  the  option  to  simulate  a  particle 
ensemble  behaviour  with  QFSR  taken  into  account.  A 
precise  integration  of  the  beam  dynamics  equations  is 
performed  for  each  DSM  element. 

When  integrating  the  equations  of  motion  in  the  end 
magnets  field,  particle  energy  losses  due  to  the  emission 
of  photons  are  taken  into  account.  At  each  step  for  each 
particle,  a  photon  can  be  emitted  with  a  probability 
defined  by  the  particle  energy,  local  trajectory  curvature 
and  value  of  step  size.  Subsequently  to  each  emitted 
photon  an  energy  is  prescribed,  according  to  the 
probability  function  produced  from  the  photon  number 
spectrum.  Because  the  photon  number  spectrum  is 
divergent  for  relative  photon  energy  t,  =  /ul fic  — » 0  (Jic- 
critical  photon  energy),  it  is  truncated  at  £(j.  =  0.002 , 
producing  an  increase  of  14%  of  the  average  energy  (jj) 
of  emitted  photons.  The  specific  value  of  £  is  defined 

by  limitations  of  the  memory  used  to  store  the  uniform 
step  probability  function.  To  have  an  average  electron 
energy  loss  per  turn  u  =  27c(ju)(n) ,  in  accordance  with  the 

theory,  the  average  number  of  photons  emitted  per 

unit  angle  is  decreased  by  the  same  value.  Because  of 
(A£2)  =  27^4(//)2(n)  this  procedure,  according  to  (1), 

can  lead  to  an  emittance  growth  over-estimated  by  about 
14%. 

Dependence  on  energy  of  the  horizontal  plane  rms 
emittance,  calculated  with  SYTRACE  is  shown  in  Fig.  3 
by  open  circles.  For  the  same  values  of  initial  emittance, 
the  semi-analytical  value  at  1.5  GeV  is  about  4%  higher 
than  the  numerical  one.  Combined  with  the 
overestimation  described  above  this  means  a  difference  of 
about  18%.  This  difference  can  qualitatively  be  explained 
by  the  fact  that  for  the  semi-analytical  calculations 
constant  field  magnets  are  used,  whereas  in  the 
SYTRACE  simulations  the  exact  field  decay  could  be 
taken  into  account.  As  can  be  seen  from  formula  (2)  the 
resulting  decrease  of  the  mean  magnet  field  at  high 

energies  leads  to  smaller  values  for  (AE2)i  and, 
consequently,  to  a  smaller  emittance  growth. 

3  LONGITUDINAL  EMITTANCE 

The  energy  spread  caused  by  QFSR  after  the  passage  of 
the  beam  through  a  pair  end  magnets  increases  from  about 
2.2  keV  at  the  first  DSM  orbit  to  8.8  keV  (rms)  at  the  last. 
Total  QFSR  energy  spread  at  N-th  orbit  is  defined  by: 

2  N  ~ 

sen  =J*Mae2)i  (6) 

V  '=i 


where  (ae2}  is  given  by  (2),  n  is  bending  angle  of 

magnet  pair,  and  for  N  =  43,  6E43  ~  50  keV.  This  energy 

spread  is  transformed  to  the  phase  spread  with  resulting 
longitudinal  emittance  growth.  We  estimate  this  growth 
supposing  that  the  induced  emittance  is  filling  phase  space 
eigenellipse.  From  numerical  simulations  a  semi-axes 
ratio  of  SE43  /  S(f>43  ~  35  keV/deg  is  obtained  for  the 


eigenellipse  in  the  middle  of  the  bending  systems.  This 
leads  to  an  estimated  total  emittance  growth  of  about  35 
keVxdeg.  which  is  in  good  agreement  with  the  result  of 
SYTRACE  simulations  shown  in  Fig.  5. 
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Fig.  5.  Longitudinal  emittance  from  SYTRACE. 
(The  phase  unit  is  related  to  4.9GHz.) 


4  CONCLUSION 

We  presented  results  of  semi-analytical  and  numerical 
calculations  of  emittance  growth  caused  by  QFSR  in  a  1.5 
GeV  double  sided  microtron.  Estimated  normalised  rms 
horizontal  emittance  at  maximum  energy  is  about  25  it 
mmxmrad,  while  longitudinal  emittance  is  about  120 
keVxdegree. 
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EDDY  CURRENT  EFFECT  OF  THE  BNL-AGS  VACUUM  CHAMBER  ON  THE 
OPTICS  OF  THE  BNL-AGS  SYNCHROTRON* 


N.  Tsoupas*.  L.  Ahrens,  K.  A.  Brown,  J.  W.  Glenn,  C.  J.  Gardner 
Brookhaven  National  Laboratory,  Upton,  NY  11973  USA 


Abstract 

During  the  acceleration  cycle  of  the  AGS  synchrotron, 
eddy  currents  are  generated  within  the  walls  of  the 
vacuum  chambers  of  the  AGS  main  magnets.  The 
vacuum  chambers  have  elliptical  cross  section,  are  made 
of  inconel  material  with  a  wall  thickness  of  2  mm  and 
are  placed  within  the  gap  of  the  combined-function  main 
magnets  of  the  AGS  synchrotron.  The  generation  of  the 
eddy  currents  in  the  walls  of  the  vacuum  chambers, 
create  various  magnetic  multipoles,  which  affect  the 
optics  of  the  AGS  machine.  In  this  report  these 
magnetic  multipoles  are  calculated  for  various  time 
interval  starting  at  the  acceleration  cycle,  where  the 
magnetic  field  of  the  main  magnet  is  ~0. 1  T,  and  ending 
before  the  beam  extraction  process,  where  the  magnetic 
field  of  the  main  magnet  is  almost  constant  at  -1.1  T. 
The  calculations  show  that  the  magnetic  multipoles 
generated  by  the  eddy-currents  affect  the  optics  of  the 
AGS  synchrotron  during  the  acceleration  cycle  and  in 
particular  at  low  magnetic  fields  of  the  main  magnet. 
Their  effect  is  too  weak  to  affect  the  optics  of  the  AGS 
machine  during  beam  extraction  at  the  nominal  energies. 

1  INTRODUCTION 

The  AGS  synchrotron  has  twelve  super-periods  with  20 
combined-function  magnets[l]  per  super-period.  Every 
two  consecutive  combined  function  magnets  are  paired 
to  form  either  a  horizontally  focusing  or  defocusing 
quadrupole.  The  cross  section  of  a  horizontally  focusing 
combined-function  magnets  used  in  the  AGS 
synchrotron  is  shown  in  Figures  la(C-type),  and  Figure 
lb(B-type).  The  horizontally  defocusing  magnets  are 
made  of  the  same  magnets  (B,  and  C  type)  but  with  the 
magnets  rotated  180°  about  the  vertical  axis.  The  cross 
section  of  the  elliptical  in  shape  vacuum  chamber  is  also 
shown  in  the  figure  la. 

Simulations  of  the  beam  optics  of  the  AGS  synchrotron 
are  normally  done  using  the  MAD  computer  code[2], 
the  BEAM  code[3]  or  a  modified  version  of  the 
RAYTRACE  code[4].  In  these  simulations  the 
quadrupole  strength  (Kl)  and  sextupole  strength  (K2)  of 
the  combined  function  magnets  is  used,  and  their  values 
are  obtained  from  static  magnetic  field  calculations^] 
or  from  the  experimental  magnetic  field  maps  of  the 
AGS  magnets  [6].  In  either  case,  both  the  quadrupole 

*  Work  supported  by  the  U.S.  Department  of  Energy 
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and  sextupole  strengths  of  the  combined  function 
magnets  were  obtained  from  static  calculations,  and  did 
not  include  any  contributions  from  eddy-currents 
generated  in  the  vacuum  chamber  during  the 
acceleration  cycle.  Measurements  on  the  chromaticity  of 
the  AGS  synchrotron  have  shown[7,8,9,10,ll]  that  the 
chromaticity  of  the  AGS  synchrotron  is  affected  by  the 
ramp  rate  of  the  AGS  main  magnets.  These 
measurements  were  used  to  generate  a  momentum 
dependent  magnetic  sextupole  strength  to  be  used  as 
input  data  in  the  MAD  computer  code  for  beam  optics 
simulations  of  the  AGS  synchrotron. 

It  is  the  purpose  of  this  report  to  calculate  the  magnetic 
sextupole  produced  by  the  eddy-currents  formed  in  the 
AGS  vacuum  chamber,  during  the  ramping  of  the  main 
magnets.  Subsequently  to  use  these  magnetic  sextupole 
strengths  to  calculated  the  chromaticy  of  the  AGS 
synchrotron  and  make  comparison  with  experimental 
measurments. 


Figure  la.  Cross  section  of  a  C-type  combined  function 
AGS  main  magnet.  The  vacuum  chamber  is  shown 
between  the  gap  of  the  magnet.  The  magnet  shown  in 
this  orientation  is  horizontally  focusing.  By  rotating  the 
magnet  180°  about  the  y-axis  which  passes  through  the 
vacuum  chamber,  the  magnet  becomes  horizontally 
defocusing. 


0-7803-5573-3/99/$  1 0.00@  1999  IEEE. 
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2  MAGNETIC  SEXTUPOLE  OF  THE 

AGS  MAIN  MAGNETS  2. 1  Static  Calculations 


The  magnetic  sextupole  component  of  the  AGS  main 
magnetic  field  will  affect  the  chromaticity  t,  of  the 
synchrotron  according  to  the  formulae: 


Jyt  — — <[  Px($)i>2(j)nx($)d,s  (la) 

CM 

00  “Trf  $y(s)b2(s)r\x(s)ds  (lb) 

i Jy 


Where  px(s)  and  py(s)  are  the  horizontal  and  vertical 
beta  functions,  Q%  and  Qy  are  the  betatron  tunes,  T)x(s) 
is  the  dispersion  function,  and  b2(s)  is  a  quantity 
proportional  to  the  sextupole  strength,  along  the 
synchrotron. 

The  quantity  b2  which  is  the  sextupole  component  of 
the  magnetic  field  generated  by  the  AGS  main 
magnet,  is  calculated  as  a  function  of  the  B0  dipole 
field  of  the  main  AGS  main  magnet  in  two  ways: 

a)  Static  2-dimentional  calculations 

b)  Transient  2-dimentional  calculations 


Figure  lb.  Cross  section  of  a  B-type  AGS  main  magnet. 
The  magnet  shown  in  this  orientation  is  horizontally 
focusing.  By  rotating  the  magnet  180°  about  the  y-axis, 
passing  through  the  vacuum  chamber,  the  magnet 
becomes  horizontally  defocusing. 


The  static  calculations  were  performed  using  a  2-D 
computer  code[12]  for  electromagnetic  calculations.  The 
C  and  B  type  AGS  main  magnets  were  modeled  based 
on  the  cross  sections  shown  in  Figures  la  and  lb.  In  the 
calculations,  the  default  nonlinear  material,  which  is 
provided  by  the  code,  was  used  for  the  permiability  of 
the  iron.  Tire  quantity  l>2(s)  appearing  in  the  equations 
la  and  lb  is  the  coefficient  of  the  quadratic  term  in  the 
expansion  (as  function  of  x)  of  the  vertical  component 
(By )  of  the  magnetic  field  at  the  median  plane  of  the 
magnet. 

By(x)=B0(l  +  b]X  +  t>2X2  +  t>3X3  +  ....)  (2) 

In  equation  (2)  the  variable  x  is  the  distance  from  the 
longitudinal  axis  of  the  magnet,  on  the  horizontal  plane. 
Figure  2  (dashed  line)  shows  a  plot  of  the  quantity  K2  = 
2b2/(Bp)  (as  defined  in  the  computer  code  MAD[2])  as  a 
function  of  the  excitation  field  By(x=0,y=0).  The 
calculated  values  of  the  sextupole  strength  K2  for  the  C- 
type  magnet  (see  Fig. la)  are  almost  the  same1  with 
those  of  the  B-type  magnet2.  This  is  due  to  the  fact  that 
both  type  of  magnets  have  the  same  geometrical  shape 
of  the  pole  tip,  therefore  the  magnetic  field  within  the 
gap  is  iron  dominated  at  these  excitation  currents. 


Figure  2:  The  magnetic  sextupole  strength  K2  of  the 
main  magnetic  field  as  a  function  of  the  By(x=0,y=0) 
(main  magnetic  field).  The  dashed  fine  which  connects 
the  filled  squares,  corresponds  to  the  K2  values  from  the 
static  case.  The  solid  line  connecting  the  filled  circles, 
corresponds  to  the  calculations  of  K2,  obtained  from 
the  transient  case. 


1  The  difference  is  ~1%.  This  value  is  within  the  error  of 
the  calculations. 

2  The  sextupole  strength  K2  has  the  same  value  for  both 
focusing  and  defocusing  magnets. 
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2.2  Transient  Calculations 

The  transient  magnetic  field  calculations  were 
performed  using  the  same  computer  code[12]  as  in  the 
static  calculations,  but  the  transient  2-D  version.  The 
excitation  current  I(t)  is  required  as  input  data  in  the 
transient  calculations.  The  function  I(t)/Imax  is  plotted 
in  Figure  3  as  a  function  of  time.  In  the  same  Figure  3 
the  derivative  dl(t)/dt  is  also  plotted.  The  input  data 
allow  the  generation  of  eddy  currents  in  the  coils  of  the 
magnet  which  are  made  of  copper,  and  the  wall  of  the 
vacuum  chamber  which  is  made  of  inconel.  The  magnet 
iron  was  assumed  to  have  zero  conductivity.  This  was  a 
reasonable  assumption  since  the  iron  core  is  made  of 
electrically  isolated  laminations  0.031"  thick.  These 
laminations  are  held  together  by  two  iron  plates  1” 
thick,  each  placed  at  the  of  the  magnets  to  keep  the 
laminations  together. 


time  [sec] 


Figure  3:  Excitation  current  I(t)/Imax  of  the  main  AGS 
magnets  as  a  function  of  time  (dased  curve).  The  solid 
curve  is  the  dl(t)/dt  curve. 

As  in  the  static  case,  the  sextupole  strength  K2  of  the 
magnetic  field  was  calculated  as  a  function  of  the 
magnet  excitation  and  is  plotted  in  Figure  2.  A 
comparison  of  the  sextupole  strength  K2  between  the 
static  and  transient  cases,  shows  that  the  eddy  currents 
of  the  vacuum  chamber  affect  the  sextupole  component 
of  the  main  magnetic  field  but  only  at  low  excitations  of 
the  magnet. 

At  higher  excitations  of  the  magnet  the  K2  values  for 
both  static  and  transient,  coincide  even  before  the  end  of 
the  ramping  (see  Fig.  2). 

The  calculated  quadrupole  strength  K1  of  the  magnetic 
field  yields  the  same  values  for  both,  the  static  and  the 
transient  case,  at  any  excitation  level  of  the  magnet. 


3  FUTURE  STUDIES 

The  2-D  calculations  discussed  above  provide  enough 
information  to  calculate  the  chromaticity  of  the  AGS 
synchrotron  during  the  acceleration  cycle.  The 
chromaticity  chalculations  can  be  done  by  using  the 
MAD  computer  code.  A  more  rigorous  study  calls  for 
3-D  transient  calculations  which  will  take  into  account 
the  eddy-currents  induced  in  each  of  the  1”  thick  plates 
which  are  placed  at  each  end  of  the  magnet  to  hold  the 
laminations  together.  These  3-D  calculations  will  be 
performed,  in  the  near  future  as  an  ongoing  effort  of  this 
task,  using  the  computer  code[12]  which  computes 
magnetic  fields  in  3-dimensions.  Such  calculations  will 
provide  a  more  accurate  value  of  the  sextupole  strength 
K2,  which  can  be  used  to  calculate  the  chromaticity  of 
the  AGS  synchrotron. 

Experimental  measurements  of  the  chromaticity  of  the 
AGS  synchrotron  will  also  be  performed  as  a  function 
of  the  magnetic  field  of  the  main  magnet  while  the  main 
magnet  is  ramping  up,  at  various  rates  dl(t)/dt. 
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J.  Weit ,  W.  Fischer,  V.  Ptitsin,  BNL,  USA;  R.  Ostojic,  CERN,  Switzerland;  J.  Strait,  FNAL,  USA 


Abstract 

The  performance  of  the  Large  Hadron  Collider  (LHC)  at 
collision  energy  is  limited  by  the  field  quality  of  the  inter¬ 
action  region  (IR)  quadruples  and  dipoles.  In  this  paper 
we  study  the  impact  of  the  expected  field  errors  of  these 
magnets  on  the  dynamic  aperture  (DA).  Since  the  betatron 
phase  advance  is  well  defined  for  magnets  that  are  located 
in  regions  of  large  beta  functions,  local  corrections  can  be 
very  effective  and  robust.  We  compare  possible  compen¬ 
sation  schemes  and  propose  a  corrector  layout  to  meet  the 
required  DA  performance. 

1  INTRODUCTION 


The  LHC  interaction  region  consists  of  a  low-/?* 
quadrupole  triplet  (Q1-Q3)  and  a  separation  dipole  (Dl) 
on  either  side  of  the  interaction  point  (IP),  Fig.  1.  The  su¬ 
perconducting  triplet  quadruples  are  built  by  FNAL  and 
KEK,  and  assembled  in  cryostats  at  FNAL.  The  separation 
dipoles  in  the  high  luminosity  interactions  points  IP1  (AT¬ 
LAS)  and  IP5  (CMS)  are  room-temperature  magnets  sup¬ 
plied  by  IPN-Novosibirsk.  In  IP2  (ALICE)  and  IP8  (LHC- 
B),  where  the  beams  are  also  injected  into  the  two  rings,  the 
Dl  is  a  superconducting  magnet  built  by  BNL.  This  mag¬ 
net  has  the  same  coil  design  as  the  RHIC  arc  dipoles,  and 
its  field  quality  is  well  established.  The  field  quality  of  the 
warm  Dl  is  expected  to  be  satisfactory. 


Qi 


towards  the  IP 
Q2A  Q2B 


Q3 


Dl 


MCBX  bl/al  MCQS  a2  MCBX  al/bl  MC10  blO 

MCO  b4  MCDSS  a3  MCS  b3 

MCD  b5  MCOS  a4  MCDD  b6 

MCDDS  a6  MCDS  a5 


Figure  1:  Schematic  layout  of  the  LHC  inner  triplet  region. 

The  target  DA  for  magnet  field  quality  is  set  at  12  times 
the  transverse  rms  beam  size  (12 axy)  for  both  injection  and 
collision.  During  injection  and  ramping,  the  impact  of  IR 
magnet  is  small  compared  with  that  of  the  arc  magnets. 
On  the  other  hand,  during  p-p  collision  (Tab.  1)  the  reduc¬ 
tion  of  beam  size  at  IP1  and  5  results  in  a  large  beam  size 
(c rxy  =  1.5  mm)  at  the  corresponding  triplets.  Further¬ 
more,  beam-beam  interaction  requires  a  crossing  angle  of 
±150  (xt  corresponding  to  a  closed  orbit  up  to  ±7.3  mm. 
The  target  12a xy  thus  corresponds  to  about  71%  of  mag- 
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Table  1 :  LHC  parameters  for  protons  at  collision  (7  TeV). 


tunes  H/V/L 

/?*  IP1,5,2,8  H/V  [m] 

®/2  IP1,5,2,8  H/V  [/trad] 
max  rms  beam  size  [mm] 
max  orbit  offset  H/V  [mm] 


63.31/59.32/0.00212 
0.5/0.5, 0.5/0.5, 15/10, 13/15 
0/150, 150/0, 0/-150,0/-150 
1.5 

±7.3/±7.3 


net  coil  radius.  Similarly,  during  ion  collision  [1]  when  the 
beam  size  is  squeezed  at  IP2,  the  impact  from  cold  Dl  is 
also  noticeable.  Compensation  of  field  errors  of  these  cold 
IR  magnets  is  of  primary  importance  in  improving  the  per¬ 
formance  of  the  LHC  at  collision  [2]. 

The  leading  source  of  DA  reduction  are  the  field  errors  of 
the  FNAL  and  KEK  triplet  quadrupoles.  The  expected  er¬ 
rors  of  the  FNAL  quadrupole  (ver.  2.0)  are  given  in  Tab.  2. 
With  the  experience  of  model  construction  and  measure¬ 
ments,  and  design  iterations  that  occurred  through  close 
interaction  between  the  magnet  and  accelerator  physics 
groups,  knowledge  and  confidence  in  the  expected  body 
and  end-field  errors  has  substantially  improved.  The  KEK 
quadrupole  errors  are  shown  in  Tab.  3;  the  coil  cross- 
section  of  this  quadrupole  has  been  recently  redesigned  in 
order  to  substantially  reduce  the  geometric  bl0  error. 

In  Section  2,  we  evaluate  the  DA  under  nominal  collision 
conditions  and  explore  the  optimum  quadrupole  arrange¬ 
ment  to  minimize  the  error  impact.  In  Sections  3  and  4, 
we  review  the  local  IR  correction  principle  and  propose  a 
corrector  layout. 

Table  2:  Expected  field  errors  of  FNAL  low-/?*  quadrupole 
at  collision  (version  2.0,  Rrej  =  17  mm).  (.),  d(.)  and  a{.) 
denote  the  mean,  mean  uncertainty  and  rms  of  the  harmon- 
ics,  respectively. _ 


n 

Normal 

(bn)  d(bn) 

<r(M 

(«n) 

Skew 

d(&n) 

cr(a„) 

body 

[unit] 

3 

- 

0.3 

0.8 

- 

0.3 

0.8 

4 

- 

0.2 

0.8 

0.2 

0.8 

5 

- 

0.2 

0.3 

- 

0.2 

0.3 

6 

- 

0.6 

0.6 

- 

0.05 

0.1 

7 

- 

0.05 

0.06 

— 

0.04 

0.06 

8 

- 

0.03 

0.05 

- 

0.03 

0.04 

9 

- 

0.02 

0.03 

- 

0.02 

0.02 

10 

- 

0.02 

0.03 

— 

0.02 

0.03 

LE 

[unitm] 

(length=0.41  m) 

2 

- 

- 

- 

16.4 

- 

- 

6 

0.82 

0.82 

0.31 

- 

0.21 

0.06 

10 

-0.08 

0.08 

0.04 

- 

0.04 

0.04 

RE 

[unit-m] 

(length=0.33  m) 

6 

- 

0.41 

0.31 

- 

- 

10 

-0.08 

0.08 

0.04 

- 

- 

- 
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Table  3:  Expected  field  errors  of  KEK  low-/?*  quadrupole 
at  collision  (version  2.0,  Rref  =  17  mm). 


n 

(bn) 

Normal 

d(bn) 

cr{b„) 

(&n) 

Skew 

d{an) 

<r{an) 

body 

[unit] 

3 

— 

0.51 

1.0 

- 

0.51 

1.0 

4 

— 

0.29 

0.57 

- 

0.29 

0.57 

5 

- 

0.19 

0.38 

— 

0.19 

0.38 

6 

- 

0.5 

0.19 

— 

0.10 

0.19 

7 

- 

0.05 

0.06 

- 

0.05 

0.06 

8 

- 

0.02 

0.03 

- 

0.02 

0.03 

9 

— 

0.01 

0.01 

- 

0.01 

0.01 

10 

0.25 

0.03 

0.01 

- 

0.01 

0.01 

LE 

[unit-m] 

(length=0.45  m) 

2 

- 

- 

- 

13.4 

- 

- 

6 

2.28 

- 

- 

0.07 

- 

- 

10 

-0.17 

- 

- 

-0.02 

- 

- 

2  DA  TRACKING  ANALYSIS 

The  leading  errors  of  the  IR  quadrupoles  are  the  systematic 
be  and  6io,  which  are  allowed  by  the  quadrupole  symmetry. 
We  assess  the  effect  of  magnetic  errors  by  the  tune  spread 
of  particles  with  amplitudes  of  up  to  6  times  the  transverse 
rms  beam  size  (6axy),  and  by  the  DA  determined  by  6D 
TEAPOT  [3]  tracking  after  either  103  or  105  turns,  aver¬ 
aged  over  10  random  sets  of  magnetic  errors  at  5  emittance 
ratios  ex/ey.  Tracked  particles  have  2.5  times  the  rms  mo¬ 
mentum  deviation  (2.5 <rp)  [2].  Uncertainties  in  the  mean 
are  set  at  their  full  amount  with  either  plus  or  minus  sign. 

The  tune  spread  due  to  multipole  errors  scales  as  ( xc  + 
PsyZxy)nl2 /txy,  where  xc  is  the  closed  orbit,  /3xy  the  lat¬ 
tice  /?-function  and  exy  the  emittance.  The  b1Q  error  of  the 
KEK  magnets  alone  produces  a  tune  spread  of  0.61  x  10~3 
at  6 axy  thereby  reducing  the  DA  by  2 axy  (Tab.  4). 

A  possibility  for  reducing  the  impact  of  the  KEK  ge¬ 
ometric  6]0  could  be  to  adopt  a  “mixed”  triplet  scheme 
where  Q1  and  Q3  are  KEK  quadrupoles  and  Q2  FNAL 
quadrupoles.  This  arrangement  would  lead  to  a  30%  re¬ 
duction  of  the  tune  spread,  and  an  1 8%  increase  of  the  DA, 
as  shown  in  Tab.  4. 

The  mixed  arrangement  increases  the  possibility  for 
magnet  sorting  [4,  5]  and  helps  randomizing  the  uncer¬ 
tainty.  It  may  also  reduce  the  number  of  needed  spare  mag¬ 
nets  and  simplifies  the  engineering  process.  However,  com¬ 
bining  quadrupoles  of  different  transfer  functions  implies  a 
more  complicated  powering  scheme.  While  a  common  bus 
is  still  possible,  retaining  the  natural  compensation  of  rip¬ 
ple  in  a  triplet,  dynamic  behaviour  at  injection  related  to 
snap  back  and  eddy-current  effects  need  to  be  verified  [6], 

In  order  to  estimate  the  be  impact,  we  assume  that  FNAL 
magnets  are  placed  at  IP1  and  5  and  gradually  decrease 
the  total  be  to  30%  of  its  original  value  assuming  a  posi¬ 
tive  d(b6).  Tab.  4  shows  a  steady  increase  of  the  DA  from 
9-3{7 ' xy  tO  12.1  &xy • 

The  orientation  of  the  quadrupoles  was  chosen  to  mini¬ 
mize  the  lead  end  be  impact  [2].  With  the  mixed  quadrupole 


Table  4:  Comparison  of  DA  for  various  triplet  arrange¬ 
ments  (103-turn  DA  in  units  of  crxy  with  1  <rxy  step  size). 


Case 

DA  mean 

DA  rms 

DA  min 

FNAL  IP5,  8;  KEK  IP1,2: 

8.5 

1.4 

7 

without  6io 

10.3 

1.5 

7 

FNAL  as  Q2;  KEK  as  Ql,  Q3  (mixed): 

10.0 

1.5 

8 

reversed  Q3  LE 

9.6 

2.0 

6 

FNAL  IP1, 5;  KEK  IP2,  8: 

9.3 

2.1 

6 

80%  be 

9.9 

2.0 

6 

50%  b6 

11.0 

1.8 

8 

30%  be 

12.1 

1.7  . 

9 

scheme,  the  minimization  is  less  effective  however.  In  or¬ 
der  to  reduce  the  number  of  electric  buses  through  Q3,  it 
was  further  suggested  to  reverse  the  orientation  of  Q3.  This 
leads  to  a  reduction  of  the  average  DA  of  0.4  sigma,  and  to 
an  increase  of  b6  corrector  strength.  As  the  random  fe6  is 
large,  this  effect  could  be  alleviated  by  sorting. [4,  5] 

3  IR  COMPENSATION  SCHEMES 

3.1  Two-Element  Correction  Principle 
The  error  compensation  is  based  on  the  minimization  of 
action-angle  kicks  [2]  produced  by  each  multipole  error  bn 
(or  an)  over  a  pair  of  inner  triplets.  Using  two  correction 
elements  of  each  multipole  order  cn  (either  an  or  bn  ),  we 
minimize  the  sum 

[  dlCzB0c„  +  (-)"  [  dlCzB0cn,  z  =  x,y  (1) 
Jl  Jr 

taking  advantage  of  the  negligible  betatron  phase  advance 
within  each  triplet  and  Dl,  and  approximate  the  phase  ad¬ 
vance  between  the  triplets  by  180°.  The  integral  is  over 
the  entire  left-hand-side  (L)  or  right-hand-side  (R)  MQX 
triplet  and  Dl.  In  dipoles  Bo  is  simply  the  main  field,  in 
quadrupoles  it  is  the  field  at  the  reference  radius  Rrej  ■  In 
general,  the  weights  Cz  in  Eq.  1  are  chosen  according  to 
the  multipoles  as: 


even  bn 

odd  bn 

even  an 

odd  a„ 

cx 

f%12 

~WwWr 

~WrTriW 

Cy 

ft'2 

/?y2/?(-i)/2 

/?y24"-1)/2 

Py'2 

The  compensation  is  equally  effective  for  both  intersecting 
beams,  since  the  optics  of  the  interaction  region  is  anti¬ 
symmetric.  However,  it  does  not  take  into  account  the 
closed-orbit  deviation  due  to  the  crossing  angle,  and  the 
fact  that  the  crossing  planes  are  respectively  vertical  and 
horizontal  in  the  two  high  luminosity  interaction  points.  On 
the  other  hand,  the  effect  of  this  closed  orbit  feeddown  is 
partially  compensated  by  the  feeddown  from  the  correctors. 

3.2  Correction  Scheme  Comparison 
There  are  three  corrector  packages  (MCX1,  MCX2, 
MCX3)  in  each  triplet,  Fig.  1.  Each  MCX1  and  MCX3 
contains  two  dipole  layers,  and  each  MCX2  contains 
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Table  5:  Comparison  of  local  IR  corrector  effectiveness  as¬ 
suming  that  IR  quadrupole  errors  are  measured  to  a  5%  rms 
accuracy.  The  DA  is  given  in  units  of  axy.  The  physical 
aperture  of  60  mm  corresponds  to  about  14 axy. 


Case 

DA  mean 

DA  rms 

DA  min 

UNMIXED: 

no  correction 

8.5 

1.4 

7 

scheme  1 

11.8 

2.4 

8 

scheme  2 

12.1 

2.2 

9 

scheme  3 

15.4 

1.8 

12 

scheme  4 

15.9 

1.7 

13 

MIXED: 

no  correction 

10.0 

1.5 

8 

scheme  1 

12.8 

1.1 

10 

scheme  2 

13.2 

1.3 

11 

scheme  3 

16.1 

1.8 

13 

scheme  4 

17.6 

1.6 

14 

scheme  1:  63,  b4,  65,  be,  03,  04,  a$ 
scheme  2:  63, 64,  65,  be,  03,  04,  as,  ae 
scheme  3:  63, 64,  65,  be,  b\o,  03,  04,  a6 
scheme  4:  b3,  b4,  be,  be,  bio,  0.3,  a4,  ae,  a6 

a  skew  quadrupole  layer.  A  straightforward  approach 
(scheme  1)  is  to  have  3  additional  layers  of  nonlinear  skew 
multipoles  (a3,  a4,  a6)  for  MCX2,  and  two  additional  lay¬ 
ers  of  nonlinear  multipoles  for  MCX1  and  MCX3.  These 
layers  could  be  a  combination  of  any  of  63,  64,  65  and  be 
layers.  For  each  multipole,  two  correction  elements,  lo¬ 
cated  symmetrically  at  both  sides  of  the  IP,  can  be  activated 
to  minimize  the  kick  in  both  the  x  and  y  directions  (com¬ 
pare  Eq.  1).  Due  to  the  lattice  symmetry  both  beams  are 
corrected. 

Scheme  1  increases  the  DA  by  38%  in  the  unmixed  and 
28%  in  the  mixed  case.  With  an  additional  as  corrector 
(scheme  2)  the  improvement  is  42%  and  32%  respectively. 
A  further  improvement  can  be  achieved  using  a  610  correc¬ 
tor,  as  shown  in  Tab.  5  and  Fig.  2.  We  also  investigated 
the  effect  of  misalignment  of  the  corrector  layers.  With  an 
rms  misalignment  of  0.5  mm  in  the  horizontal  and  vertical 
planes  we  find  no  degradation  of  the  DA. 

The  required  strength  of  the  multipole  correctors,  Tab.  6, 


Table  6:  Needed  and  available  corrector  strength. 


Order  Available 

Needed  strength 

strength 

(mean  ±  SD) 

(mean  +  6  SD) 

[T] 

[T] 

m 

0.100 

0.0023±0.0027 

0.018 

64 

0.066 

0.0057±0.0043 

0.032 

bo 

0.037 

0.0015±0.0018 

0.012 

^6 

0.020 

0.0075±0.0016 

0.017 

&10 

0.0030 

0.001 1±0.0002 

0.0023 

t»3 

0.155 

0.012±0.009 

0.066 

0-4 

0.086 

0.014±0.008 

0.062 

ae 

0.020 

0.0021  ±0.00 16 

0.012 

a  5 

0.044 

0.014±0.008 

0.062 

Figure  2:  Effect  of  IR  multipole  correction  on  the  covered 
tune  space,  (a)  shows  the  uncorrected  machine  and  (b)  the 
corrected  machine  with  scheme  4. 

can  be  provided  by  50  cm  long  spool  pieces  wound  using 
the  LHC  sextupole  corrector  wire  and  operating  at  less  than 
50%  margin  at  600  A  [7].  At  IP2,  the  IR  correctors  are  also 
designed  to  reduce  the  effect  of  the  D1  errors  during  low- 
/?*  heavy  ion  operations  [1], 

3.3  Short  versus  long  term  tracking 
Finally  we  re-confirmed  [2]  the  difference  between  the  DA 
determined  after  103  and  105  turns  for  two  selected  cases, 
an  uncorrected  machine  and  a  corrected  machine.  The  dif¬ 
ference  (Tab.  7)  is  0  Jcrxy  or  7%  for  the  uncorrected  case, 
and  0.9axy  or  5%  for  the  corrected  case. 


Table  7:  Comparison  of  1,000-tum  and  100,000-tum  DA. 


Case 

DA  mean 

DA  rms 

DA  min 

no  correction  (103) 

10.0 

1.5 

8 

no  correction  (105) 

9.3 

1.4 

7 

scheme  4  (103) 

17.6 

1.6 

14 

scheme  4  (105) 

16.7 

1.5 

13 

target  (105) 

12 

- 

10 

4  SUMMARY 

Local  nonlinear  IR  correctors,  up  to  multipole  order  6, 
are  proposed  for  compensating  the  IR  quadrupole  errors. 
These  correctors  can  improve  the  DA  by  2-3 axy.  Mixing 
magnets  of  different  origin  can  help  reach  the  target  DA  as 
its  improvement  is  about  l.5axy.  This  would  be  equivalent 
to  a  reduction  of  the  systematic  b  10  and  uncertainty  of  b6 
errors  of  about  50%.  Further  benefit  of  mixing  could  be  ex¬ 
pected  through  randomizing  the  uncertainties  and  broader 
selection  of  the  magnets. 
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THE  BEAM  LIFETIME  FROM  ELASTIC  SCATTERING  ON  NUCLEI  OF 
RESIDUAL  GAS  IN  ELECTRON  STORAGE  RING  WITH  THE  VARIOUS 
SHAPE  OF  THE  VACUUM  CHAMBER. 

N.  Mocheshnikov,  A.  Zelinsky,  NSC  KIPT,  Kharkov,  Ukraine 


Abstract 

In  report  the  process  of  elastic  scattering  of  the  stored 
beam  on  nuclei  of  residual  gas  with  take  into  account  of 
size  and  shape  of  the  vacuum  chamber  of  a  storage  ring  is 
considered.  The  expressions  permitting  to  calculate  a 
cross  section  of  elastic  scattering  of  electrons  on  nuclei  of 
residual  gas  and  partial  lifetime  of  a  beam,  stipulated  by 
this  process  for  the  various  shape  of  a  cross  of  the 
vacuum  chamber  (ellipse,  cylinder,  rectangle)  are 
obtained. 


1  INTRODUCTION 

The  total  lifetime  of  an  electron  beam  in  storage  ring  Tx  is 
determined  as  the  sum  of  inverse  partial  lifetimes 
stipulated  by  various  processes.  As  main  processes, 
defining  lifetime  of  a  beam  in  a  storage  ring  it  is  possible 
to  consider  the  following:  elastic  scattering  of  electrons 
on  nucleuses  of  residual  gas,  bremsstrahlung  on  nucleuses 
of  residual  gas,  inelastic  scattering  of  electrons  on 
nucleuses  of  residual  gas,  quantum  fluctuations  of  a 
radiation,  collective  effects.  Experimentally  and 
theoretically  is  shown  [1,2]  that  for  small  beam  currents 
the  lifetime  is  determined  by  elastic  scattering  of 
electrons  on  nuclei  of  residual  gas.  There  is  a  number  of 
diagnostic  techniques  [3],  based  on  a  measurement  of 
lifetime  of  a  beam  for  "zero  currents"  and  definition 
through  it  of  other  parameters  of  a  beam  in  particular  of 
dynamic  aperture.  In  the  present  work  the  technique  of 
deriving  of  dependence  of  lifetime  of  a  beam  stipulated 
by  process  of  the  elastic  scattering  for  various  shapes  of 
the  vacuum  chamber  from  characteristic  geometric  sizes 
of  the  chamber  is  indicated  and  the  expressions  obtained 
for  the  elliptic,  round  and  rectangular  chamber  are 
indicated. 


2  LIFETIME  OF  ELECTRONS 
STIPULATED  BY  SCATTERING  ON 
RESIDUAL  GAS. 


The  loss  rate  of  electron  beam  in  storage  ring  is  given  by: 

-  =  --“7.  0) 

r  n0  df 

where  n0  -  the  number  of  electrons,  d  njd  t  -  velocity  of 


the  lost. 

In  case,  when  the  main  channel  of  losses  of  electrons  is 
the  scattering  on  residual  gas,  electron  beam,  after 


passing  through  a  volume  with  residual  gas  with  number 
of  atoms  N  and  thickness  dr  loses  d n  of  particles: 
dn=-n0cr  JVdx,  (2) 


where  a  -  the  cross  section  of  scattering  of  electrons 
causing  to  it  to  loss. 

Then  the  time  of  loss  of  electrons  by  a  relativistic  beam 
will  make: 


1  1  dn  .. 

-  =  — =C(tN, 

Tin  at 


(3) 


where  c  -  velocity  of  a  light. 

Defining  the  lifetime  as  the  time  it  takes  for  the  initial 
particle  intensity  to  be  reduced  by  1/e  and  considering 
residual  gas  distributed  is  uniform  in  the  chamber  of  a 
storage  and  number  of  atoms  N0  in  unit  of  volume  to 
constants,  the  lifetime  is  determined  by  the  equation  [4]: 


—  =  coN0.  (4) 

Tsc 

Thus  for  definition  of  lifetime  of  a  beam  stipulated  by 
elastic  scattering  of  electrons  on  atoms  of  residual  gas,  it 
is  necessary  to  determine  a  cross  section  of  scattering  of 
an  electron  causing  to  it  to  loss.  Obviously,  that  the 
magnitude  of  this  cross  section  will  depend  on  the  shape 
and  sizes  of  the  vacuum  chamber. 


3  CROSS  SECTION  OF  ELASTIC 
SCATTERING. 


Differential  cross  section  of  elastic  scattering  on  nuclei  of 
residual  gas  has  the  form  [4]: 

0 ^ 


da_Z‘ 
dQ~  4 


\2 


P  P) 


l-p*  sirr  — 


•  40 
sin  — 

2 


(5) 


where  dQ=sin0  d 6  d(p  -  the  solid  angle  in  which  electron 
is  scattered, 

(p,  6  -  axial  and  polar  angle  of  scattering, 

Z  -  charge  of  nuclei  of  residual  gas, 
r0  -  radius  of  an  electron, 

Pc-  velocity  of  an  electron, 
p  -  momentum  of  an  electron, 

It  can  rewrite  as: 


do(6,(p)  =  —  rg 


mec 

Tpj 


\2 


V/J2sir 

2 


sin 


0 


sin0  d6  dcp  .(6) 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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For  small  angle  of  scattering  9  «1  and  relativistic 
electrons  y»  1  the  equation  (6)  we  can  write  in  the  form: 

rr2  .  (9/\ 


Mo.(p)=—r o 


d  9  d  (p 


Z2  2  1  8d0  d (p 

Thus  the  cross  section  of  elastic  scattering  in  (4)  is 
possible  to  receive  by  an  integration  of  expression  (6)  on 
9  from  9mm  -  minimum  angle,  the  scattering  on  which 
results  in  loss  of  an  electron  up  to  n  and  on  (p  from  0  up 
to  2jc.  After  an  integration  on  9  we  find: 

22*  *0  d<P  /o\ 


M<p)= 


2Z2r„2 


?-F{b,a,px,(l}x),t 3z,(pz)) 


where  a  and  b  geometric  parameters  of  the  vacuum 
chamber  on  a  vertical  and  horizontal  plane, 

P?  <A>-  A  <A>  ‘  maximum  and  average  value  of 
amplitude  functions  on  a  horizontal  and  vertical  plane. 
After  collision  with  atom  of  residual  gas  on  azimuth  s0  the 
particle  deviates  on  angles  x  =  sin0cos<p  and 
z  =  sin  9  sin  (p  .  Then  on  some  azimuth  s,  this  particle  will 
have  coordinates: 


*  =  *VAAW*Wsm 


sin  9  cost 


Z  =  Zi]Pz{sQ)pz(s\)s\n  - 

i 


sin  9  sin  < 


[  *i 

f  d  s 


The  radius  vector  of  this  particle  will  be  noted  as 
r2  =  x2  +  z2. 

Considering,  that  on  azimuth  s,  the  particle  reaches  the 
boundary  of  the  vacuum  chamber  r=p  and  that  phase 


*1  Sl 

r  ds  ds 

advance  — =  — 7-r  =  0  On  this  azimuth,  we  can 

J  Px(s)  bz{s) 

So  s0 

write  expression  for  a  determination  9min.  For  it  we  need 
only  to  make  out  a  radius  vector  p  of  the  boundary  of  the 
vacuum  chamber.  For  example,  for  the  elliptic  vacuum 
chamber: 
z2  x2 

— +  — =  1,  z=  p  sirup,  x=  p  cosj o, 
a2  b 

from  here 


sir?  (p  cos?  (p 


For  the  various  shape  of  the  vacuum  chamber  expression 
for  9  will  differ,  besides  for  case  is  axial  of  the 
asymmetrical  chamber  0min  will  be  function  from  <p. 

The  cross  section  of  elastic  scattering,  causing  to  loss  of 
an  electron  is  possible  to  note  as: 

_  2Zzr02  J  d  (p 

72  oeLrk>) 


Then  we  get: 

1  f  sir?  (p 


cos?<j o 


bz(so)Pz(si)sii?  cp+ px{so)p  ^COf?  <p\ 
Integrating  (10)  from  0  up  to  2n  and  averaging  on  all 
azimuths  is  received  expression  for  function  F  for  case  of 
the  elliptic  vacuum  chamber.  Substituting  it  in  (9),  and 
then  (9)  substituting  in  (3),  we  receive  lifetime  stipulated 
by  elastic  scattering  on  atoms  of  residual  gas  in  the 
chamber  of  a  storage  ring  the  elliptic  vacuum  chamber. 

4  LIFETIME  FOR  CASES  OF  THE 
VARIOUS  SHAPE  OF  THE  VACUUM 
CHAMBER. 

We  obtained  expressions  for  function  F  for  several  most 
typical  variants  of  the  vacuum  chamber  and  disposition  in 
it  of  the  diagnostic  equipment  bounding  the  geometric 
aperture  of  the  chamber.  For  a  simplicity  all  devices 
bounding  the  aperture  of  the  vacuum  chamber,  we  shall 
name  as  "shutters".  Is  clear,  that  from  expression  for  the 
vacuum  chamber  with  a  shutter  it  is  easy  to  proceed  to 
expression  for  the  vacuum  chamber  without  a  shutter. 

1 .  The  rectangular  vacuum  chamber,  rectangular  shutter. 


Figure  1. 

c  a2- 3b2  a  a2-t ?  2b 

P^)[4a2  +  2a2b2  §  b+2ab(a2  +  b2)+^P^ 

a  la  \  In  b2-  3a2  a  b2-a2  2a 

l^arCt85+2ab(a2  +  b2)+b(a2  +  tf) 
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2.  The  elliptic  vacuum  chamber,  elliptic  shutter. 


3.  The  elliptic  vacuum  chamber,  rectangular  shutter.. 


f  1 _ 1  f  1  \abzj a^-z2  [b2(a2  -  z2)-  a2^]  | 

W~^l  2[^_i)+Af  Jj 


4. 


Figure  4. 


Pz{Pz)  3?r  ,  4a2 -3b2  .a  Wb^-a2 
'  —  + - = — ansin-  + - ^ - 


(3b2 -2a2) 


7Tb2  4a2  -fc£  .  a 

— 5- + - 5 —  arcsin-  + 

4a2  2a2  b 


5  CONCLUSION 

The  obtained  expressions  allow  analytically  to  connect 
lifetime  of  a  beam  stipulated  by  elastic  scattering  on 
residual  gas,  to  amplitude  functions  of  a  storage  ring  and 
geometric  sizes  of  transversal  area  of  circulation  of  a 
beam.  Besides  that  it  allows  to  evaluate  influence  of  the 
shape  of  the  vacuum  chamber  to  lifetime  of  a  beam,  the 
installation  of  such  relation  allows  by  a  measurement  of 
lifetime  for  "  zero  currents  "  to  determine  sizes  of  area  of 
stable  motion  of  a  beam  (dynamic  aperture). 
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MULTITURN  INJECTION  OF  AN  ELECTRON  BEAM  IN  A  STORAGE 

RING 


Grigor’ev  Yu.,  Zvonaryova  O.,  Zelinsky  A,  NSC  KIPT,  Kharkov,  Ukraine 


Abstract 

In  report  the  radial-phase  motion  of  electrons  in  a  storage 
ring  is  investigated.  The  expression  for  Hamiltonian, 
connecting  amplitudes  of  two  modes  of  oscillations  is 
received  in  view  of  nonlinear  magnetic  fields  of  the  third 
order.  Received  Hamiltonian  has  a  stationary  point  of  a 
type  "limiting  cycle",  which  in  coordinate  space  defines 
an  equilibrium  orbit.  The  existence  "of  a  limiting  cycle" 
allows  to  carry  out  multiturn  injection  of  electron  beam 
with  final  phase  volume  in  a  storage  ring.  The  conditions 
of  realization  of  multitum  injection  are  received. 

The  results  of  researches  can  be  used  and  for  stores  of 
particles  with  large  weight. 

1  INTRODUCTION 

Much  attention  (see,  for  example,  [1-2])  were  given  to 
the  study  of  a  problem  of  a  multitum  injection  in  storage 
rings.  Researches  of  the  particle  injection  in  systems  with 
stable  motion  round  an  equilibrium  orbit  is  carried  out  in 
most  cases.  In  the  condition  of  a  steady  motion  about 
closed  orbit  the  "reflexive"  Poincare  theorem  [3-4]  is 
fulfilled  which  hampers  a  realization  of  multitum 
injection  of  a  charged  particles  beam. 

In  the  this  report  the  multitum  injection  in  a  storage  ring, 
in  which  there  is  no  stable  motion  about  closed  orbit 
during  injection,  is  investigated.  In  this  case  in  the  space 
of  dynamic  variables  there  can  be  a  stationary  point  with 
the  type  of  a  "limiting  cycle".  A  closed  orbit  becomes  a 
limiting  set  for  other  trajectory.  Particles  can  be  injected 
in  a  storage  ring  along  this  trajectory  unlimitedly  long, 
and  at  small  deviations  from  it  -  quite  long.  The  "limit 
cycle"  in  a  storage  ring  carry  out  with  the  help  of 
impulse  sextupole  and  octupole  magnets.  After 
realization  of  the  injection  the  impulse  elements  switch 
off. 

We  obtained  expressions  for  a  Hamiltonian  of  a  set  of 
equations  describing  motion  of  electrons  in  a  horizontal 
plane  of  a  storage  ring  taking  into  account  nonlinear 
magnetic  fields.  The  task  was  solved  in  the  first 
approximation  by  the  Krylov-Bogolyubov  method  [5], 
At  deriving  the  short  equations  for  guadrates  of  an 
oscillation  amplitudes  the  representation  of  solutions  in 
the  Floquet  form  is  used.  The  oscillations  were  not 
divided  into  fast  "betatron"  and  slow  "synchrotron" 
oscillations,  and  it  allowed  to  define  a  Hamiltonian 
connecting  amplitudes  of  these  modes  of  oscillations. 


2  THE  EQUATIONS  OF  MOTION  AND 
THEIR  SOLUTION 

The  differential  equations  of  motion  of  a  charged  particle 
in  a  horizontal  plane  of  a  storage  ring  look  like  [6]: 

m= I 

Fi(*,0)  =  -gx2x3  +  sx 2  -  sx2x3  +  Qxl  (1) 

F2(xhO)  =  F3(xhO)  =  F4(  xhQ)  =  0, 

where 

x,  =  dxJdO, 

x2-  a  deviation  of  an  electron  from  equilibrium  orbit, 
x3-  a  relative  deviation  of  an  energy  from  an  equilibrium 
value, 

x4  -  a  deviation  of  a  phase  of  oscillations  from  an 
equilibrium  value, 

6  -  azimuth  coordinate. 

Matrix  (A)  describe  effect  of  electromagnetic  fiels  of 
storage  ring  in  linear  approximation  without  taken  into 
account  radiation  A( ftfft)  =  A( 6), 

_  eKp2  dHz  1  ekp2  d2Hz 
p0c  dx2  ’  2  p0c  dx2 

Q_  leKy2d3Hz * 

6  p0c  dx\ 

where 

e  -  charge  of  an  electron, 

c  -  velocity  of  a  light, 

p0  -  impulse  of  an  equilibrium  orbit, 

K0  =  2n/n, 

II-  perimeter  of  equilibrium  orbit, 
ft  -  period, 

Hz  -  axial  component  of  a  magnetic  field. 

In  the  equation  (1)  the  most  important  nonlinear  terms  up 
to  the  3d  order  inclusive  are  left.  For  the  solution  of  this 
equation  the  method  of  average  of  Krylov-Bogolyubov 
[5]  is  applied,  using  representation  of  a  solution  of  the 
homogeneous  equation  (1)  ( F,=0 )  in  the  Floquet  form: 

xl  =  C1//1)e,>'e  +  C2//(2Vv'20  +  c.c.  (2) 

where  l  =  1,2, 3, 4)  periodic  Floquet  functions, 

C,,C2  -  constants. 

In  case  of  a  piecewise  constant  dependence  of  the 
elements  of  a  matrix  (A)  from  i?,  Floquet  functions  ft'\ 
f,2>  (l  =  1,2, 3, 4)  and  the  magnitudes  of  Floquet  indexes 
\j/,,  y/2  can  be  calculated. 
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Assuming  that  C ,  and  C2  are  slowly  varying  functions  of 
t?  and  substituting  (2)  in  (1)  and  after  the  averaging  it  is 
possible  to  obtain  a  short  differential  equations  for 
quadrates  of  an  oscillation  amplitude  I,  =  I C,  I2  and  I2  ~ 

I C2 12: 

^-=(4+i1g)/12+(42+4)/1/2 

°  (3) 

^  =  (Mf  +  MG)72  +  (Mf2  +  Af  g)/,/2 

where 

^ = {({“ '{Ick'  -  4XX' + 

+  c.c}) 


M*  =  2  ^ 


*(l) 


*2 


'  f  (2)  ,  f*(l)  A2)  Al)  ,(1)  A2)  ,*(2) 
■'X3  ■'x2  ,/jc3  J*2Jx2 


+  c.c}). 

4=-f/d 


<?v, 


(2) 


*2 


"8— |ia 


fW 

JX2 


-  t 

(*2  f£)+c-c^> 

-  f 


1  7 

(Fid))  stands  for  lim—J F(r)dr  . 

T_>"  T  o 

At  a  normalization  of  the  Floquet  function  the  value  of  a 
wronskian  A  is  put  equal  to  "-4": 

*(2)| 


r(0 

JX\ 

A i) 

Jx\ 

A 2) 

J*l 

A  — 

r(l) 

Jx2 

f*( i) 
Jx2 

A  2) 

3  x2 

ZA  — 

A 1) 

J*3 

A i) 

J*3 

A 2) 

Jx3 

f(0 

1) 

JX4 

A  2) 

J*4 

At,  A2  -  cofactors 

i  of  a  m 

line, 

A- 

third  column 

was 

supposed  that  y/,  ? 

none 

of 

the 

4 

f*(2)| 

X2 

2)| 
^3  , 

/*(2)l 

■'*4 


=  -4 


(4) 


resonance  conditions 
fulfilled:  nyrx  +  jy/2  *  q,n,  j,k,q  =  (0,±1,±2,...) . 

It  is  possible  to  show,  that: 

(^+ZG)=-^f2+MG)/ 2; 


(m|+mg)=-(42+4)/2 


is 


(5) 


In  consequence  the  expression  (5),  the  equations  (3)  has 
the  following  Hamiltonian: 


H  =  2  +  MG)  -  /,2/2(Lj  +  !«)  = 

ilwmwl +M®)~ i?(0)i2(0)(tf  +  iQ)  ’ 


where  7/0)  and  7/0)  -  initial  values  of  quadrates  of 
amplitudes. 

The  connection  between  I ,  and  12  is  stipulated  by  an 
unresonance  interaction  of  azimuth  harmonics  of 
sextupole  and  octupole  components  of  a  magnetic  field 
of  a  storage  ring  with  modulation  of  oscillation 
amplitudes  of  a  particle  in  a  periodic  lattice  of  a  storage 
ring. 

7/ 0)  and  I2( 0)  are  expressed  through  initial  values  x,  and 
value  of  Floquet  functions  f",  f2>  on  an  azimuth  of 
injection  by  the  following  formulas: 

7j(0)  =  a2  +bf 


al 


4 

2 


(7) 


72(0)  -  a2  +  b2 


a2 


4 


(8) 


where  <P-  determinant  of  a  matrix  ($) 


r2R  e/W 

-2 1" >7® 

2Re/® 

-2Im/:t(2)" 

•*1 

(«&)  = 

2Re/^ 

-2Im4? 

2Re/42) 

-2Im/® 

2Re/«> 

-2Im7® 

2  Re/® 

—  2Im/(2) 

x3 

2  Re/"1 

V  x4 

-2W® 

2Re7® 

(p„  -  cofactors  of  1“  column  of  a  matrix  (<P). 

The  line  above  X,,f®  and  /}2'  stands  for  initial 

■*/  Xl 


values  of  coordinates  and  Floquet  functions  on  an 
azimuth  of  injection. 

At  77=0  equations  (6)  have  two  solutions: 


1. 


7j(0)  =  72(0)  =  0  and  according  (3) 


fdh 

Un 


and 


fdl. 


de 


=  0 .  The  point  in  a  phase  space,  which 


Jo 


is  taken  by  a  particle  moving  about  equilibrium  orbit 
corresponds  to  this  solution. 

2.  7j(0)*0,72(0)  =  0; 

hiohijoykdSi  (9) 


If  the  condition  (9)  is  fulfilled,  and  further  at  a 
modification  of  0  will  be  fulfilled  the  following  relation: 
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(fj  +  Z-6) 


Substituting  (5)  and  (10)  in  (3)  we  shall  receive: 


(10) 

(11a) 

(Hb) 


Integrating  (1  la)  and  (lib)  we  shall  receive: 

i,-  1 


MW+fcl+rfV 
1 


/?  = 


l//2(0)-w 


(12) 


2+^FF 


It  is  made  out  from  the  relation  (6)  that  for  H=0  it  is 
necessary  that  the  magnitudes  (L,s  +  L,Q)  and  (M2S  +  M2Q) 
were  should  be  with  identical  signs.  And  it  is  clear  from 
(12)  that  for  /,  and  I2  being  aimed  to  zero  at  Q—>°°  it  is 
necessary  that  the  conditions  (L,s  +  LtQ)  >0  and  (M2  + 
M2)  >0  were  fulfilled. 

On  account  of  relations  (12)  and  (11a)  and  (1  lb)  at  (L,  + 
LtQ)>0  and  (Af/  +  M2Q)  >0  at  6—>°°  the  particles,  initial 
conditions  of  which  satisfy  the  condition  (10),  will  be 
indefinitely  long  coming  close  to  a  fixed  point  with 
(  dl  \  (  dl  \ 

parameters  — =0,  —■  =  0,  I=[}=0,  that  is  to  an 

^  d9  J  l  & 

equilibrium  orbit.  Thus,  for  a  realisation  of  multiturn 
injection  the  realisation  of  two  conditions  (L,  +  L°)  >0, 
(M2s+  M2)  >0  and  H=0  is  necessary  and  sufficient. 

In  common  case: 


_i  l,  rnm 

2  M2  1  \4  Ml 


H 

/,M2 


Where  I )  is  a  solution  of  the  differential  equation: 


±2 (M2S  +  M2Q)  4 


1  I2X 

]4  Ml 


H 

Ml  I,M2 


=  d0 . 


(13) 


(14) 


For  short  here  and  below  it  is  necessary:  (L,s  +  L,Q)  =  L, 
e  (M2  +  M2q)  =M2. 

Assuming  H  =  -H,H  >0,M2  >0and  by  integrate  (14) 
we  shall  receive  expressions: 


-2-L,n 

3  h 


where  /lmln  = 


q 

r'lmin/  f 
v  //l(0) 

1+1 

Ih 

(hmin/  f 

v  /h(0)  j 

(  4 HM2^3 


=  0 


(15) 


HI 


minimum  value,  which  will 


take  /,  during  the  injection.  At  I,=IIml„  dl/dO  =  0  and 
after  reaching  this  value  the  increase  of  /,  will  begin. 
From  (15)  follows,  that  number  of  turns  during  which  it 
is  possible  to  carry  out  the  injection  is  equal  to: 


(16) 


n=  2  1  i,1-^1^^0))3 

^  i+fiu® ' 

Assuming  Ilmi/I,(0)  «1  we  shall  receive  the 
approximate  formula  for  an  estimation  of  number  of 
turns  -  n. 

f  /.  /~wi,  \ 

(17) 


(hmin/lM 


2  1  .  | 
n  = - In 

Lj 

\  / 

From  (17)  follows,  that  less  is  Lr  the  more  turns  it  is 
possible  to  inject,  but  L ,  should  be  great  enough  to 
ensure  the  separation  of  a  beam  from  a  septum  for  one 
turn.  Integrating  (14)  and  assuming  Q=2n  we  shall 
receive: 


_  i  iMzJiM 

1  “  *  /,(o)  • 

Substituting  Lt  from  (18)  to  (17)  we  shall  receive: 


2 

n-  — 
3 


( 


IM 


(iM-iifa) 


V 


|3  \ 


(18) 


(19) 


Magnitude  of  a  phase  volume  of  a  beam  in  space  of  xp 
which  can  be  injected  in  a  storage  ring  during  n  turns 
(17)  is  equal  to  the  volume  limited  by  the  surface,  the 
parameters  of  which  can  be  obtained  at  a  substitution  in 
the  equation  (6)  expressions  for  1/0)  and  I/O)  from  (7) 
and  (8). 


3  CONCLUSION 

The  method  of  an  average  applied  in  the  work  for  a 
research  of  radial-phase  motion  of  electrons  in  a  storage 
ring,  is  approximate.  The  obtained  formulas  will  be 
describe  dynamics  of  particles  well  at  realization  of  the 
condition  271/ a»l. 

For  a  realization  of  conditions  for  existence  of  "limit 
cycle"  it  is  necessary  to  select  a  storage  system  with 
close  values  \|7,  and  \|/2-  In  common  case  sextupole  and 
octupole  fields  result  to  the  mutual  transmission  of  an 
energy  of  synchrotron  and  betatron  oscillations. 
Muititurn  injection  can  be  used  for  the  injection  of  heavy 
particles. 
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COMPENSATION  OF  THE  INSERTION  DEVICES  EFFECT  IN  ELECTRON 

STORAGE  RINGS 

AYu.  Zelinsky,  I.M.  Karnaukhov,  NSC  KIPT,  Kharkov,  Ukraine 


Abstract 

The  method  of  designing  of  the  local  compensation 
schemes  for  suppression  of  wigglers  and  undulators 
affects  on  lattice  functions  of  low  emittance  storage  rings 
is  described.  The  method  is  based  on  the  analysis  and 
optimization  of  a  transport  matrix  of  the  insertion  device 
section.  The  features  of  magnetic  lattices  permitting  to 
compensate  effects  of  various  wiggler  and  undulator 
types  are  discussed. 

The  effects  of  the  insertion  devices  to  lattice  functions 
and  parameters  of  storage  ring  UNK  Kharkov  are 
discussed.  The  schemes  of  compensation  are  presented. 

1  INTRODUCTION 

Nowadays,  the  beams  of  photons  obtained  from  insertion 
devices  (wiggler,  undulator)  (ID),  installed  on  storage 
rings  -  sources  of  a  synchrotron  radiation  (SR),  became 
the  necessary  tool  for  realization  of  researches  in  science 
and  technology.  Owing  to  this  reason  SR  sources  of  the 
third  generation  are  oriented  on  magnetic  lattices  with  the 
great  amount  of  ID  [1].  As  the  ID  installed  in  a  storage 
ring  affects  on  the  electron  beam,  there  is  a  problem  of 
suppression  of  ID  effect  on  a  beam  dynamics  in  a  ring. 
The  methods  of  compensation  of  ID  effect  on  particles 
dynamics  in  a  ring  should  be  universal  and  effective. 

In  this  report  the  technique  of  designing  of  the  schemes 
of  compensation  based  on  use  of  a  matrix  formalism  and 
optimization  of  elements  of  a  transport  matrix  is  offered. 
Compensation  is  carry  out  on  a  section  of  "insertion", 
where  ID  is  disposed,  in  such  a  manner  on  a  remaining 
ring  of  a  focussing  function  are  not  changed,  thus  the 
effect  of  ID  is  localized  on  a  section  of  "insertion"  [2], 
With  use  of  this  technique  we  have  designed  variants  of 
the  scheme  of  local  compensation  of  effect  of  flat  wiggler 
for  UNK  Kharkov  storage  ring  [3].  In  this  report  we 
consider  effects,  to  which  the  installation  of  flat  wiggler 
on  an  UNK  Kharkov  are  resulted  and  we  reduce 
outcomes  of  application  of  the  schemes  of  compensation. 

2  EFFECT  OF  ID  ON  PARAMETERS  OF 
STORAGE  RINGS  LATTICES 

The  ideal  ID  in  electron  storage  ring  bring  a  modification 
of  a  focussing  functions,  frequencies  of  oscillations  and 
increase  of  emittance  and  energy  spread,  emerging  of  a 
horizontal  dispersion  on  a  ID  space.  The  field  of  spiral  ID 
call  coupling  of  horizontal  and  vertical  oscillations,  that 
changes  focusing  properties  of  a  lattice  and  results  in 


increase  of  vertical  phase  volume  in  a  ring.  This  coupling 
of  oscillations  should  be  localized  on  a  space  of  an 
insertion. 

When  in  ID  there  are  only  transverse  fields  the  changes  of 
focussing  functions  and  tunes  of  betatron  oscillations  are 
caused  by  a  edge-focussing  effects  of  coils  of  these 
devices.  The  tune  shifts  and  change  /^-functions  can  be 
calculated  by  a  method  of  transport  matrixes.  The  field  of 
a  ideal  flat  wiggler  is  well  describe  by  a  matrix  of  a 
rectangular  magnet.  The  matrix  models  of  other  types  of 
devices  also  can  be  created. 

In  a  lattice  of  UNK  Kharkov  the  installation  of  super¬ 
conducting  horizontal  three-polar  wiggler  with  a 
maximum  field  up  to  7  T  and  length  0.62  m  is  stipulated 
[4].  We  evaluated  a  tune  shift  of  vertical  oscillations, 
change  of  horizontal  emittance  £x,  distortion  fi  -  functions 
of  UNK  Kharkov  depending  on  a  field  value  in  wiggler 
Bw  by  use  of  the  application  package  DeCA  [5].  The  field 
in  wiggler  was  changed  from  0  up  to  7  T.  Results  of 
calculations  are  indicated  in  table  1  and  on  fig.l. 


Table  1. 


Number 
in  fig.l 

Bw 

[T] 

Emittance  £x 
[m*rad] 

£ 

1 

0.00 

2.480*1  O'8 

4.25739 

2 

5.00 

2.850*10* 

4.35516 

3 

5.50 

3.130*10* 

4.38047 

4 

6.00 

3.534*10“ 

4.41436 

5 

6.25 

3.706*10* 

4.42998 

6 

6.50 

4.090*10'* 

4.51322 

7.00 

Motion  unstable 

Obviously,  that  for  providing  of  normal  work  of  a  ring 
when  the  magnetic  field  in  wiggler  is  big  it  is  necessary  to 
localize  effect  of  ID  on  a  space  of  “insertion”  or  to 
suppress  it  by  anyone  methods.  The  scheme  of 
compensation  should  ensure  normal  work  of  a  ring  for 
any  modification  of  magnitude  of  a  field  in  ID. 

3  DESIGN  OF  THE  SCHEMES  OF  LOCAL 
COMPENSATION 

It  is  possible  to  describe  the  focusing  properties  of  the  ID 
by  a  transport  matrix  Mwv  by  a  size  6*6  [6,7].  By  making 
a  combination  from  matrixes  MWUI,  MWU2,  .  .  . ,  Mwu  of  ID 
sections  and  matrixes  Mcompi  ,  Mcompz  .  .  .  Mcompi  of 
groups  of  compensatory  elements  we  should  receive  a 
resulting  matrix  of  an  insertion  ID.  It  will  be  noted  as 
follows: 

Mcompi"  Mwur  .  .  McompZ *  Mwu],  Mcompi  =  Mm  (1) 
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S[m] 


Figure  1.  /3-function  of  UNK  Kharkov  with  ID  without 
compensation. 

(1)  represents  a  system  from  20  equations.  When  taking 
into  account  conditions  of  stability  of  particles  motion  in 
a  storage  ring  [8]: 

De\M  m\x  =  1  De\M  ^  =  1,  (2) 

we  receive  a  system  of  18  independent  equations,  for 
sufficing  of  that  is  necessary  to  have  18  independent 
parameters.  Such  parameters  can  be  forces  of  quadrupole 
lenses,  lengths  of  drift  spaces,  turn  angles  in  dipole 
magnets,  rotation  angles  of  quadrupole  lenses.  In 
depending  from  kind  of  resulting  matrix  of  a  section  of  an 
insertion  that  we  want  to  receive  and  what  type  ID  we 
use,  the  number  of  the  equations  can  be  reduce. 

The  transport  matrix  of  flat  wiggler  with  n  poles  is  the 
matrix  of  n  rectangular  magnets.  Combining  this  matrix 
with  matrixes  of  compensatory  sections,  when 
considering  a  condition  (2)  received  a  system  of  10 
equations.  Thus,  for  suppression  of  flat  wiggler  effect  it  is 
necessary  to  make  a  magnetic  lattice  with  10  varied 
parameters,  to  impose  requests  on  focusing  properties  of 
a  transport  matrix  of  an  insertion  MID  and  to  decide  this 
system.  If  requests  to  compensation  of  dispersion 
function  are  not  to  impose  then  amount  of  the  equations 
and  elements,  required  for  compensation,  is  reduced  up  to 
6. 

Most  simple  configuration  of  insertion  lattice  permitting 
to  compensate  focusing  properties  of  flat  wiggler, 
receive,  if  to  surround  wiggler  by  a  system  from 
quadrupole  lenses.  In  this  case  (1)  has  a  kind: 

Mcom p2*  Mwu,  Mcompl  Mllr  (3) 

The  requests  to  focusing  properties  of  M,D  can  be 
arbitrary  and  are  determined  by  real  conditions  of  a 
storage  ring  lattice  and  soluble  problems.  However  most 
natural  are  the  variants,  when  the  transport  matrix  of  an 
insertion  is  represented  as  a  matrix  of  drift  space  or  the 
matrixes  of  a  focusing  section,  where  ID  is  disposed.  In 
these  cases  all  properties  of  lattices  of  storage  rings  in  a 


linear  approximation  will  be  saved,  and  the  effects  of  ID 
will  be  localized  on  a  section  of  an  insertion. 

4  COMPENSATION  SHEMES  FOR  UNK 
KHARKOV  STORAGE  RING 

In  a  fig.  2  the  layout  of  an  insertion  consisting  from 
wiggler  and  compensatory  a  structures  permitting  to 
receive  arbitrary  matrix  of  a  focussing  is  shown. 


Q1Q2  Q3 

Q4  Q5Q6 

i  ..  ^2 

I  II 

Wl| 

1 W1 

1  II 

LI  L2  L3 !  |  L3  L2  L1 


Figure  2:  Layout  of  compensatory  insertion. 

We  designed  two  variants  of  compensatory  structures  for 
UNK  Kharkov.  First  variant  (I)  realized  a  transport 
matrix  of  an  insertion  appropriate  to  length  of  drift  space, 
where  it  is  disposed,  and  uses  6  additional  quadrupole 
lenses.  Second  variant  (II)  realized  a  transport  matrix 
appropriate  to  a  focusing  matrix  of  long  straight  section 
of  a  storage  ring,  in  which  wiggler  is  situated.  In  table  2 
the  parameters  of  elements  of  an  insertion  for  two 
variants  of  a  transport  matrix  are  indicated. 


Table  2. 


■ 

K1  [T/m],  B  [T] 

L[M] 

I 

n 

I 

II 

um 

Kl=-44.616 

Kl=2.8997 

0.2 

0.2 

urn 

Kl=100.152 

Kl=-1.9405 

0.2 

0.2 

ca 

Kl=-160.76 

Kl=14.8653 

0.2 

0.2 

urn 

Kl=-132.98 

Kl=14.8653 

0.2 

0.2 

ca 

Kl=98.909 

Kl=-1.9405 

0.2 

0.2 

Ea 

Kl=-54.539 

K1  =2.8997 

0.2 

0.2 

W1 

B=-3.5 , 

B=-3.5 

0.2067 

0.2067 

B=7.0 

B=7.0 

0.2067 

0.2067 

0.4614 

0.3 

0.1204 

0.2 

0.2682 

3.34953 

1  JB 

where  Kl  = - ,B  -  magnetic  field,  L  -  elements 

Bp  dx 

length. 


For  keeping  of  a  kind  of  transport  matrix  when  value  of  a 
field  in  wiggler  is  vary  gradients  of  quadrupole  lenses  are 
changing  directly  as  a  field  in  wiggler. 

The  amplitude  functions  of  UNK  Kharkov  without  ID 
and  with  taken  into  lattice  of  compensatory  insertion  and 
ID  are  shown  in  a  fig.  3.  In  a  result  of  an  operation  of  an 
insertion  the  horizontal  tune  of  betatron  oscillations  is  not 
changed,  and  the  vertical  tune  is  increased  on  1  and  they 
are  Qx  =  7.21114,  Qz  =  5.25832.  In  a  result  of 
magnification  of  energy  losses  on  a  SR  the  energy  spread 
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has  increased  from  1.085*10'3  up  to  1.258*10’3,  and 
emittance  from  2.48*  10’8  m*rad  up  to  3.76*  10'8  m*rad. 
At  the  same  time,  horizontal  -  function  at  centre  of 
wiggler  has  decreased  almost  twice  (from  1 1.123  m  up  to 
6.842  m),  that  allows  to  compensate  effect  of  growth  of 
emittance  and  energy  spread  on  a  horizontal  size  of  a 
beam. 


Figure  3:.  1  -  ft  -  Bw=  0  T,  2  -  &  -  Bw=0  T,  3  -  7),  - 
Bw=  0  T,  4  -  /3x  -  Bw=7  T  insertion  I  switch  on,  5  -  /J,  - 
Bw=  7  T  insertion  I  switch  on,  6  -  l\x-  Bw-1  T  insertion  I 
switch  on,  W2  -  centre  of  wiggler  magnet. 

We  also  calculated  the  dynamic  aperture  (DA)  of  a  UNK 
Kharkov.  The  calculations  of  the  DA  with  and  without  of 
insertion  with  taken  into  account  only  transverse  motion 
and  longitudinal  motion  with  chromatic  aberration  too 
were  conducted.  The  DA  in  a  vertical  plane  not  was 
changed,  as  the  tune  of  betatron  oscillations  was  not 
actually  changed,  and  the  amplitude  functions  in  a 
vertical  plane  also  was  changed  a  little  (fig.  4).  The  minor 
diminution  of  area  of  stability  in  a  horizontal  plane  is 
caused  by  an  amplification  of  sextupole  lenses  in  bending 
sections  of  lattice  that  compensate  the  natural 
chromaticity.  The  taking  into  account  of  longitudinal 
motion  of  particles  and  chromatic  aberrations  show  that 
without  insertion  they  do  not  have  essential  influence  on 
area  of  stable  motion  of  particles.  However,  when 
magnetic  elements  of  the  insertion  switch  on  the 
influence  of  chromatic  aberrations  are  increased  and  DA 
decrease  on  ±  5  mm.  Despite  of  it,  the  DA  at  center  of 
wiggler  remain  rather  large  (±  12  mm),  that  it  is  quite 
enough  for  realization  of  injection  in  a  ring. 

The  amplitude  functions  of  a  storage  ring  with  taking  into 
account  of  an  insertion  and  without  it  and  for  normal 
mode  of  quadrupole  lenses  of  straight  section  for  variant 
II  of  insertion  are  shown  on  fig.4.  The  effect  of  an 
insertion  to  amplitude  functions  in  a  ring  is  unsignificant. 
On  a  section  of  an  insertion  /Jz  will  increase  up  to  55,9  i, 
and  up  to  13  m  is  increased.  The  tune  of  horizontal  and 
vertical  betatron  oscillations  practically  is  not  changed 
and  they  are  Qx  =  7.22598,  Qz  =  4.18371.  In  a  result  of 
increase  of  energy  losses  on  a  SR  the  energy  spread  has 


increased  up  to  1.258*10'3,  and  emittance  up  to  4.407*10’ 
8  m*rad. 

The  calculations  of  the  DA  with  taking  into  account  only 
transverse  motion  and  also  longitudinal  motion  and 
chromatic  aberrations  were  conducted.  As  the  tune  of 
betatron  oscillations  after  including  of  insertion  in  lattice 
was  provided  were  not  actually  changed,  the  DA  not  was 
changed.  The  minor  magnification  of  area  of  stability  in  a 
vertical  direction  is  caused  by  slack  of  sextupole  lenses  in 
bending  section  of  a  lattice,  and  remove  of  tune  of 
vertical  oscillations  from  a  resonance  Qz/4.  The  effect  of 
chromatic  aberrations  on  particles  motion  less  essential, 
than  in  case  of  an  insertion  as  drift  space  and  the 
magnitude  of  the  DA  is  changed  unsignificantly. 


Figure  4  1  -  ft  —  Bw= 0  T,  2  -  £  -  6^0  T.  3  -  ft  - 

Bw=7  T  insertion  II  switch  on,  4-/1-  Bw-7  T  insertion 
II  switch  on,  W2  -  center  of  wiggler  magnet. 


5  CONCLUSION 

The  results  of  calculations  of  a  compensatory  insertion 
show  that  the  theory  of  transport  matrixes  allows 
calculating  parameters  of  structures  compensatory  the  ID 
effects  in  storage  rings.  The  designed  compensatory 
schemes  will  be  used  in  a  storage  ring  UNK  Kharkov. 
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Abstract 

The  tracking  and  simulation  code  Accsim  has  recently  been 
upgraded  with  new  treatments  of  transverse  space  charge, 
one  based  on  a  conventional  multiple-Fourier-transform 
technique  and  another  using  a  new  hybrid-fast-multipole 
(HFM)  method.  We  present  the  application  of  the  code  to 
the  study  of  multitum  injection  in  the  CERN  PS  Booster 
in  its  LHC-injector-chain  operation  scenario.  In  particular, 
the  ability  of  the  HFM  method  to  accurately  model  the  tum- 
by-tum  stacking  and  subsequent  development  of  the  beam 
is  evaluated,  especially  its  development  near  the  sharp  cut¬ 
off  produced  by  beam  loss  on  the  injection  septum.  Results 
are  compared  with  measured  injection  efficiencies  and  be¬ 
tatron  amplitude  distributions. 

1  INTRODUCTION 

As  part  of  a  TRIUMF/CERN  collaboration  agreement,  the 
tracking  and  simulation  code  Accsim  is  being  developed  to 
support  the  study  of  injection  and  collimation  in  the  CERN 
PS  Booster,  in  its  role  as  part  of  the  LHC  injector  chain. 
The  code  contains  many  useful  simulation  features  for  in¬ 
jection  and  collimation  scenarios,  including  phase-space 
painting,  programmed  orbit  bumps,  rf  harmonics,  barrier 
buckets,  and  Monte  Carlo  treatments  of  particle  interac¬ 
tions  with  stripping  foils  and  collimator  materials.  These 
features  are  built  on  top  of  a  3D  (6  phase-space  variables) 
symplectic  tracking  engine. 

Longitudinal  space  charge  effects  are  included  in  the 
conventional  manner  by  binning,  smoothing,  and  dif- 
ferentation  of  the  line  density.  Until  recently,  a  complete 
model  of  transverse  space-charge  effects  was  lacking,  but 
early-on  a  package  a  package  “DQ”  was  added,  which  utili- 
tizes  amplitude  binning  and  averaging  over  betatron  phases 
to  derive  the  effective  beam  potential,  and  thence  a  “fast 
parameterization”  of  the  distribution  of  tune-shifts  in  the 
beam. 

With  improvements  in  computing  resources,  the  desire 
has  arisen  to  develop  a  more  general,  self-consistent  treat¬ 
ment  of  transverse  space  charge,  while  keeping  in  mind 
the  mandate  of  the  code  to  run  on  conventional  desktop 
computers  rather  than  supercomputers.  The  present  pa¬ 
per  describes  the  upgrading  of  the  code  to  achieve  this,  via 
new  routines  using  field-solve/kick  methods  which  are  in¬ 
tegrated  with  Accsim ’s  matrix/thin-lens  tracking.  This  will 
be  followed  by  initial  test  results  and  some  simulation  re¬ 
sults  for  the  PS  Booster. 


2  TRANSVERSE  SPACE-CHARGE 
MODEL 

To  satisfy  the  computing-time  constraints,  a  2|D  trans¬ 
verse  space-charge  model  was  chosen  for  Accsim,  where 
the  term  “2±D”  refers  to  mixed  2D  and  3D  aspects:  the 
model  is  2D  in  the  sense  that  the  nominal  transverse  space- 
charge  field  is  evaluated  by  viewing  all  macroparticles  as 
2-dimensional  (line)  charges;  whereas  the  model  is  3D  in 
the  sense  that  the  space-charge  force  on  a  given  macropar¬ 
ticle  is  scaled  according  to  the  longitudinal  charge  density 
at  its  position  in  the  bunch,  thus  coupling  the  longitudinal 
motion  into  the  transverse  tune  space. 

We  consider  that  the  bunch  length  is  much  larger  than  the 
transverse  beam  size,  and  that  there  is  no  significant  corre¬ 
lation  between  transverse  and  longitudinal  distributions.  In 
typical  Accsim  applications,  this  holds  because  any  such 
correlations  in  the  injected  linac  beam  will  be  masked  in 
the  ring  by  the  multitum  injection  and  phase-space  paint¬ 
ing  process.  Under  these  circumstances,  the  projected  2D 
distribution  of  transverse  macroparticle  coordinates  can  be 
condsidered  representative  of  the  local  transverse  beam  dis¬ 
tribution  at  a  given  location  in  the  ring.  In  fact,  Acc- 
sim’s  transfer-matrix/kick  formalism  already  lends  itself 
this  model  because  it  tracks  in  distance  steps  rather  than 
time  steps:  each  macroparticle  carries  a  time-difference  (rf 
phase)  coordinate  locating  it  in  the  bunch,  and  the  stored 
transverse  coordinates  are  a  “snapshot”  in  space  rather  than 
in  time. 

As  in  other  codes,  tracking  with  space-charge  is  done 
a  successive  “field-solve/particle-push”  integration,  where 
the  “push”  operation  consists  of  applying  angular  kicks 
representing  the  force  integral  over  the  integration  step,  fol¬ 
lowed  by  matrix/thin-lens  transport  over  the  step. 

3  FIELD  SOLUTION  METHODS 

The  rapid  and  accurate  evaluation  of  the  2D  space-charge 
field  is  the  key  to  usability  of  the  model  in  Accsim,  and 
here  two  methods  have  been  implemented,  both  founded 
on  the  usual  Particle-In-Cell  (PIC)  scheme  where  the  field 
is  solved  on  a  set  of  discrete  mesh  points,  using  bilin¬ 
ear  weighting  to  assign  macroparticle  charges  to  the  mesh 
and  to  derive  the  resultant  forces  on  the  macroparticles. 
The  first  field-solution  method  uses  the  Multiple-Fourier- 
Transform  (MFT)  technique,  via  routines  contributed  by 
Accsim  users  at  BNL  and  ORNL[5].  The  second  field- 
solution  method  uses  a  new  Hybrid  Fast-Multipole  (HFM) 
technique  that  was  developed  for  Accsim  in  order  to  ad- 
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dress  beam-distribution  and  halo  issues  that  may  arise  in 
short-term  or  long-term  injection  simulations. 

The  HFM  technique  utilizes  the  DAPIP2  package  of  rou¬ 
tines  developed  by  L.  Greengardfl].  They  are  a  robust  2D 
implementation  of  his  Fast-Multipole  Method  (FMM)  field 
solver,  which  is  designed  to  solve  the  field  for  an  arbitrary 
collection  of  discrete  charges.  The  FMM  method  does  not 
use  a  grid,  but  rather  subdivides  the  solution  domain  into  a 
heirarchical  tree  of  square  or  cubic  regions,  in  which  mul¬ 
tipole  expansions  of  the  field  are  computed.  The  regions 
and  the  multipole  orders  are  chosen  to  satisfy  the  desired 
field  accuracy  while  minimizing  the  computing  time.  This 
method  is  nominally  slower  than  FFT-based  methods,  but 
it  is  superior  in  dealing  with  heterogeneous  mixtures  of 
charges  and  distance  scales. 

From  FMM,  it  is  a  simple  step  to  Accsim’s  HFM 
method:  namely  choosing  a  PIC  grid  on  the  solution  do¬ 
main,  assigning  charges  to  it,  and  giving  the  PIC  grid 
charges  to  the  FMM  routine  to  solve,  rather  than  giving 
it  the  set  of  discrete  macroparticle  charges.  What  does 
this  achieve?  Since  there  are  usually  much  fewer  PIC  grid 
points  that  actual  macroparticles,  this  obviously  speeds  up 
FMM  so  that  it  can  compete  with  an  FFT-based  solution. 
The  use  of  a  PIC  grid  also  achieves  an  intrinsic  smooth¬ 
ing  of  the  charge  distribution,  which  greatly  eases  the  noise 
problem  found  in  FMM  and  direct-sum  field  solutions,  usu¬ 
ally  dealt  with  by  incorporating  a  smoothing  parameter  in 
distance  reckonings. 

The  MFT  and  HFM  techniques  both  do  the  same  job,  but 
there  are  some  important  differences: 

•  MFT  must  solve  the  field  at  all  PIC  grid  points,  even 
though  many  of  them  may  have  no  nearby  macroparti¬ 
cles.  HFM  solves  the  field  only  at  the  grid  points  that 
have  charges  on  them. 

•  In  MFT  the  PIC  grid  must  be  made  somewhat  larger 
than  the  charge  ensemble,  in  order  to  provide  a  “guard 
band”  against  the  (non-physical)  implicit  periodic 
boundary  conditions.  When  a  beam  halo  develops, 
and  the  PIC  grid  is  augmented  to  accommodate  it, 
there  is  a  large  uplift  in  computation  time.  HFM  does 
not  have  this  penalty  and  therefore  becomes  faster 
than  MFT,  at  the  same  spatial  resolution,  when  a  sig¬ 
nificant  halo  is  present. 

•  MFT  normally  uses  a  regular  grid,  whereas  in  HFM 
there  are  no  restrictions  on  the  grid:  it  can  be  irregu¬ 
lar  in  spacing  and  of  arbitrary  size  and  shape.  Where 
needed,  additional  grid  points  can  be  added  to  resolve 
fine  details  in  the  charge  distribution.  Particles  that 
grow  to  large  amplitudes  and  fall  outside  the  grid  are 
no  problem:  they  are  simply  added  as  discrete  charges 
to  the  list  of  charges  presented  to  the  FMM  solver. 

The  charge-assignment  and  force-interpolation  pro¬ 
cesses  are  identical  for  MFT  and  HFM,  although  some  ad¬ 
ditional  bookkeeping  is  required  for  HFM  to  handle  possi¬ 
ble  mixtures  of  gridded  and  single-particle  charges.  The 


computational  details  and  some  comparison  tests  can  be 
found  in  Reference  [2]. 

4  CODE  AND  LATTICE  VALIDATION 

The  CERN  PS  Booster  is  a  period  16  triplet  lattice  of 
circumference  157.08  meters.  In  order  to  best  resolve 
the  quadrupole  spacing  in  the  triplet  structure,  a  nominal 
space-charge  integration  step  size  of  0.70125m,  or  14  steps 
per  period,  was  chosen.  Since  the  code  had  formerly  only 
been  tested  with  regular  FODO  lattices,  where  the  step  sub¬ 
division  is  much  simpler,  some  validation  runs  were  per¬ 
formed  on  the  PSB  lattice  subdivision  by  tracking  a  slightly 
mismatched  K-V  beam  of  10000  macroparticles  (represent¬ 
ing  ~1013  protons  and  yielding  tune  shifts  of  ~0.2)  for 
100  turns.  The  nominal  single-particle  tune,  and  envelope 
eigenfrequencies  were  measured  by  FFT’s  on  the  tracking 
data,  as  shown  in  Table  1 . 


Table  1:  Comparison  of  predicted  and  measured  single- 


particle  tunes  and  envelope  eigenfrequencies 


Frequency 

Qx 

Qy 

Qenv 

Qe+nv 

Analytical  result 
Accsim  FFT 

4.077 

4.09 

5.371 

5.38 

8.323 

8.32 

10.920 

10.87 

The  results  are  in  excellent  accord  with  analytical  predic¬ 
tions  of  the  single-particle  tunes  by  the  generalized  Laslett 
formula 


A<5x,y  — 


rpNj(qyA)Fx,yGx,yHx,y 

TTEx,yl32'y3Bf 


and  of  the  envelope  eigenfrequencies[3] 


(1) 


Qe  nv  ~  2Qqx  +  2  Qoy  5<5oxAQt 

±y/(2 Qlx  -  2 QlyY  +  (QoxAQx)2,  (2) 

where  Qox  and  Qoy  are  the  bare  tunes  (4.28  and  5.55).  We 
also  observed  good  tune  uniformity  over  the  K-V  distribu¬ 
tion,  with  99%  tune  spreads  of  ~0.01  in  each  plane. 


5  CERN  PS  BOOSTER  SIMULATION 
PARAMETERS 

The  CERN  PS  Booster  is  one  of  the  few  proton  machines 
using  classical  multitum  injection.  A  falling  sawtooth¬ 
shaped  orbit  bump  of  49  mm  initial  horizontal  amplitude 
and  50  fis  fall  time  approaches  a  magnetic  septum  at  45 
mm.  The  linac  beam  is  injected  at  53.7  mm  and  mis¬ 
matched  such  that  its  ellipse  in  phase  space  osculates  the 
ellipse  of  the  final  circulating  beam.  By  varying  the  length 
of  the  linac  pulse  and  time-shifting  the  bump  with  respect 
to  it,  emittance  and  intensity  can  be  controlled — within 
limits.  At  present  the  linac  current  is  about  160  mA  or 
2.2  x  1012  protons/tum,  at  an  emittance  of  167T  mm  mrad. 
There  are  two  particularly  interesting  injection  schemes: 
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Table  2:  Results  of  Accsim  and  Measurements  after  Injec- 
tion  at  50  MeV  with  BeamScope. _ 


Accsim 

BeamScope 

Unit 

Injected  beam 
«fcC 95%) 

€v  (95% ) 
th  proj.  (2<t  ) 
ev  proj.  (2cr ) 

1.77x10“ 

40.0 

36.0 

21.1 

18.5 

1.07x10“ 

37.5 

44.8 

23.5 

19.4 

Protons 

7r  mm  mr 

7r  mm  mr 

7r  mm  mr 

rmmmr 

One  for  highest  intensity  (typically  13  turns  injected,  fill¬ 
ing  horizontal  emittances  of  up  to  300-k  mm  mrad),  and  a 
low  intensity,  high  brilliance  beam  for  future  LHC  filling 
(3  turns  and  about  307r  mm  mrad).  In  this  paper  we  con¬ 
centrate  on  the  high  brilliance  beam,  mainly  because  there 
are  less  unknown  factors  like  stopbands  to  be  simulated, 
and  because  the  shorter  tracking  duration  allows  compari¬ 
son  with  the  Agile  code  [4]  featuring  direct  interaction  be¬ 
tween  macroparticles. 


Figure  2:  Comparison  of  Agile  (top)  and  Accsim  phase- 
space  plots  (the  closed  orbit  deviation  is  removed  in  the 
Accsim  plot). 


6  SIMULATION  RESULTS 


The  amplitude  profiles  after  removal  of  the  circulating 
beam  from  the  septum  are  compared  with  profiles  mea¬ 
sured  with  BeamScope,  the  PS  Booster  emittance  measure¬ 
ment  device.  Characteristic  beam  parameters  are  compared 
in  Table  2  and  example  profiles  are  shown  in  Figure  1. 


Figure  1:  Comparison  of  BeamScope  (top)  and  Accsim 
profiles 

Another,  already  mentioned  test  consists  in  comparing 
phase  space  distributions  after  a  few  turns  between  Acc¬ 
sim  and  the  Agile  interactive  lattice  design  code,  featur¬ 
ing  also  tracking  of  macroparticle  distributions  with  direct 
electrostatic  interaction.  Based  on  a  PC  under  Windows95, 
these  computations  take  time  and  are  thus  limited  to  few- 
tum  tracking.  The  phase-space  plots  are  shown  in  Figure  2. 
Real  space  plots,  less  instructive,  are  almost  identical. 


7  DISCUSSION  OF  RESULTS 

The  BeamScope  profiles  show  a  halo  in  the  vertical  plane, 
which  is  not  present  in  the  simulation.  It  should  be  noted 
that  BeamScope  measurements  take  some  time  and  cannot 
be  performed  immediately,  which  means  that  the  circulat¬ 
ing  beam  is  subject  to  the  machine  nonlinearities  during 
2-3  ms.  The  halo  is  probably  due  to  growth  on  one  of  or 
both  the  stopbands  4 Qv  =  25  or  2 Qv  =  10,  which  are  not 
simulated.  Apart  from  the  halo,  emittances  compare  rather 
well  and  the  agreement  is  satisfactory. 

The  comparison  between  Agile  and  Accsim  is  even  more 
convincing,  taking  into  account  that,  due  to  different  al¬ 
gorithms  of  the  two  codes,  the  distribution  of  the  injected 
beam  is  only  approximately  the  same:  a  truncated  (at  3a) 
Gaussian  in  Agile  and  a  binomial  distribution  (m  =  3.5) 
in  Accsim,  both  matched  to  have  the  same  variance  and  the 
same  finite  radii. 
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Abstract 

A  first  model  dipole  is  being  built  for  a  16  Tesla  block- 
coil  dipole  for  future  hadron  colliders.  The  design  uses 
stress  management:  a  support  matrix  that  intercepts  Lor- 
entz  stress  between  successive  sections  of  the  coil  and 
bypasses  it  to  prevent  strain  degradation  of  the  supercon¬ 
ductors  and  insulation.  The  block-coil  methodology  has 
also  been  used  to  design  dipoles  for  12  Tesla  and  15 
Tesla,  in  which  the  amount  of  superconductor  is  mini¬ 
mized  by  cabling  copper  stabilizer  strands  with  super¬ 
conductor  strands.  The  12  Tesla  block-coil  dipole  re¬ 
quires  only  one-fifth  as  much  superconductor  as  does  a 
12  Tesla  cos  0  dipole  that  is  being  developed  elsewhere. 

1  INTRODUCTION 

The  technology  of  superconducting  dipoles  determines 
the  cost  and  performance  of  future  hadron  colliders.  The 
field  strength  determines  the  relation  between  energy  and 
circumference;  the  field  quality  and  provisions  for  beam 
stability  and  synchrotron  radiation  determine  the  lumi¬ 
nosity  and  lifetime  of  the  colliding  beams.  Over  the  past 
several  years  much  work  has  been  done  to  relate  the  sev¬ 
eral  requirements  of  a  high-luminosity  collider  to  the 
parameters  of  its  magnets.  A  first  example  is  synchro¬ 
tron  radiation.  It  was  once  thought  that  field  strength 
beyond  ~10  Tesla  would  create  a  problem  from  the  heat 
deposited  by  synchrotron  radiation  in  the  cryogenic  mag¬ 
net.  it  is  now  realized  that  synchrotron  radiation  damping 
at  high  field  strength  can  damp  beam  size  and  improve 
luminosity,  and  schema  have  been  conceived  (one  pre¬ 
sented  below)  whereby  the  synchrotron  radiation  can  be 
absorbed  at  a  higher  temperature  within  the  dipoles  so 
that  its  refrigeration  impact  is  reduced. 

A  second  example  is  aperture.  It  was  once  thought  that 
an  aperture  radius  of  at  least  2.5  cm  was  necessary  to 
have  acceptable  growth  times  for  single-beam  and  mode 
coupling  instabilities.  Several  schema  have  been  devel¬ 
oped  recently  whereby  such  instabilities  can  be  damped 
within  a  single  turn,  so  that  apertures  as  small  as  1  cm 
can  support  stable  beams.  With  presently  available  su¬ 
perconductors,  the  coil  for  a  high-field  dipole  is  thick 
compared  to  its  inner  radius,  so  that  reducing  aperture 
has  the  potential  to  dramatically  reduce  magnet  cost. 

A  third  example  is  the  impact  of  various  multipoles  upon 
beam  growth  mechanisms  in  a  high-luminosity  collider. 


With  NbTi  superconductor,  it  was  possible  to  make  strands 
with  extremely  small  filament  diameter  (few  pm)  so  that 
multipoles  produced  by  persistent  currents  at  injection 
energy  were  suppressed.  NbTi  cannot  support  fields 
higher  than  -9  Tesla,  and  the  superconductors  that  are  used 
at  higher  fields  (today  Nb3Sn,  in  the  future  Bi-2212)  cur¬ 
rently  have  very  large  filament  diameter  (>50  pm)  if  fabri¬ 
cation  is  optimized  for  high  current  density. 

2  BLOCK  COIL  DESIGN  STRATEGY 

We  are  developing  a  new  approach  to  dipole  design,  in 
which  the  coils  are  configured  in  rectangular  blocks  in¬ 
stead  of  the  cos  0  geometry  used  in  most  superconducting 
dipoles  to  date.  We  are  currently  building  a  16  Tesla  dual 
dipole  embodying  this  approach.  We  report  here  the  re¬ 
sults  of  recent  work  to  optimize  the  block  coil  approach  in 
the  placement  and  composition  of  superconducting  coil 
elements  for  12  Tesla  and  15  Tesla  versions  of  the  same 
design.  The  12  Tesla  design  is  shown  in  Figure  1. 
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Figure  2.  jc  vs.  B  for  various  superconductors. 

The  aperture  can  be  optimized  to  the  application.  The 
block-coil  geometry  is  intrinsically  scalable:  the  coil 
structure  can  be  scaled  to  optimum  for  the  aperture  that  is 
required  for  collider  application,  and  also  for  the  cable 
current  that  is  best  for  quench  protection  (typically  -10 
kA).  This  feature  is  distinct  from  cos  0  coil  geometry,  in 
which  the  arch  configuration  of  high-current  cables 
makes  it  problematic  to  optimize  with  less  than  a  2.5  cm 
aperture  radius.  The  design  in  Figure  1  has  an  aperture  of 
3.5  cm  horizontal,  3  cm  vertical. 

Block-coils  enable  stress  management.  For  field  strength 
beyond  -12  Tesla,  the  stress  in  the  coils  of  a  supercon¬ 
ducting  dipole  exceeds  100  MPa,  at  which  point  super¬ 
conductors  like  NbjSn  and  Bi-2212  experience  degrada¬ 
tion  of  critical  current  capability.  We  devised  a  strategy 
[1]  in  which  the  stresses  from  the  magnetic  field  acting 
upon  the  inner  portions  of  a  coil  are  intercepted  by  a  sup¬ 
port  matrix  that  is  distributed  within  the  block-coil  as¬ 
sembly.  In  this  way  the  stress  on  superconducting  ele¬ 
ments  can  be  limited  to  <70  MPa  everywhere  in  the  coil, 
even  for  fields  as  great  as  20  Tesla. 

Block-coil  geometry  suppresses  persistent-current  mul¬ 
tipoles.  The  steel  flux  return  in  a  block-coil  dipole  forms 
a  planar  boundary  above  and  below  the  coil  region.  At 
injection  field  strength  the  steel  is  unsaturated,  and  this 
planar  boundary  condition  suppresses  multipoles  arising 
from  persistent  current  magnetization  within  the  coil. 
For  the  16  Tesla  design  of  Ref.  1,  the  sextupole  is  sup¬ 
pressed  by  a  factor  10  at  injection. 

Block-coil  assemblies  are  easy  to  build.  Each  coil  is  a 
racetrack  pancake  coil.  The  coils  are  wound  with  simple 
fixturing  and  tight  dimensional  control  can  be  achieved. 
While  the  center  pancake  coils  must  be  bent  out-of-plane 
to  accommodate  the  beam  tube,  we  have  succeeded  in 
winding  them  as  planar  coils  and  bending  the  completed 
coils  in  as  a  unit. 

3  CONDUCTOR  OPTIMIZATION 

Figure  2  shows  the  magnetic  field  dependence  of  the 
critical  current  density  jc  in  various  superconductors.  In 
a  high-field  dipole  the  coil  is  arranged  in  several  seg¬ 
ment:  the  inner  segments  are  immersed  in  higher  field 


Figure  3.  Field  strength  (modulus)  in  12  T  dipole. 


and  so  can  carry  less  current  density  than  the  outer  seg¬ 
ments.  At  the  same  time  the  magnet  must  be  stable  against 
quench.  There  must  be  sufficient  copper  within  each  cable 
that  a  quench  can  safely  propagate  throughout  the  coil 
without  creating  a  damaging  “hot  spot”  where  it  began. 
Current-day  quench  protection  strategies  for  high-field 
dipoles  typically  require  that  the  copper/superconductor 
ratio  be  sufficient  that  the  current  density  jCu  in  the  copper 
during  quench  not  exceed  -1,500  A/mm2. 

Figure  3  shows  the  field  distribution  in  the  block-coil  di¬ 
pole  of  Figure  1.  The  contours  of  constant  field  strength 
are  arranged  in  nearly  vertical  planes,  so  that  the  conductor 
in  successive  coil  segments  can  be  graded  in  Cu:SC  ratio 
to  maintain  this  stability  requirement.  The  conventional 
way  to  grade  conductor  in  a  high-field  magnet  is  to  incor¬ 
porate  the  required  fraction  of  copper  into  the  billet  with 
the  superconductor  so  that  it  is  drawn  together  with  the 
superconducting  filaments  to  form  strands.  There  are  two 
reasons  why  this  approach  is  problematic  at  high  field. 
First,  it  is  expensive:  the  main  cost  in  making  supercon¬ 
ducting  strand  is  the  complex  processing  to  stack,  draw, 
and  heat  treat  the  multi-filament  strands.  Adding  copper 
proportionally  increases  the  amount  of  this  expensive 
commodity  that  is  needed.  The  second  reason  is  that  the 
copper  is  actually  degraded  in  its  cold  conductivity  by  the 
strand  processing.  The  residual  resistivity  ratio  RRR  = 
p30ox/p4K  of  pure  copper  is  -500,  that  of  the  copper  in  su¬ 
perconducting  strand  is  typically  -50. 

We  choose  instead  to  provide  most  of  the  copper  in  the 
form  of  pure  Cu  strands  that  are  cabled  along  with  the  su¬ 
perconducting  strands  into  the  Rutherford  cable  for  each 
coil.  In  this  way  the  Cu  strands  add  very  little  cost,  and  the 
material  cost  arises  mainly  from  that  of  the  superconduct¬ 
ing  strands. 

Indeed  we  take  this  approach  one  step  further  in  the  12 
Tesla  design.  The  outermost  coil  segment  has  a  maximum 
field  of  6  Tesla.  We  use  NbTi  cable  for  this  coil.  As  seen 
from  Figure  2,  its  current  density  at  this  field  is  equal  to 
that  of  Nt^Sn  and  it  is  much  less  expensive. 
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Table  1.  Optimized  conductors  for  the  coil  segments  of  the  12  T  and  15  T  block-coil  dipoles. 


Magnet,  coil 

superconductor 

®max 

Tesla 

jsc 

A/mm2 

Cu:SC 

SC  strand  area 
(cm2) 

Total  Nl^Sn  strand 
area  in  dipole  (cm2) 

12  Tesla  block-coil 

Nb3Sn 

12.5,  12.2 

2,000 

1.4 

1.25,  2.36 

5.6 

middle 

Nt^Sn 

9 

3,600 

wnm 

1.97 

outer 

NbTi 

6 

3.94 

12  Tesla  cos  0 

Nb3Sn 

28 

The  impact  of  this  approach  is  evident  in  Table  1,  which 
summarizes  the  maximum  field,  the  Cu:SC  ratio  required 
for  stability,  and  the  cross-sectional  area  of  supercon¬ 
ducting  strand  required  for  the  12  Tesla  design  of  Figure 
1  and  a  12  Tesla  (5  cm  aperture)  cos  0  dipole  being  de¬ 
veloped  at  Fermilab[2].  It  had  once  been  thought  that 
block-coil  designs  were  intrinsically  less  current-efficient 
than  cos  0  designs.  This  is  demonstrably  not  the  case. 

4  FIELD  QUALITY 

The  field  quality  in  a  block-coil  dipole  is  dominated  at 
injection  field  by  the  boundary  condition  of  the  steel  flux 
return,  and  at  high  field  by  the  conductor  placement.  We 


Figure  4.  Field  distribution  at  center  of  12  T  dipole:  a) 
injection;  b)  max  field. 


provide  for  correction  of  the  multipoles  that  arise  from 
saturation  by  placing  a  sextupole  correction  winding  above 
and  below  the  beam  tube  region,  as  shown  in  Figure  1.  The 
correction  winding  is  designed  to  be  off  at  injection,  and 
carries  the  same  current  as  the  main  windings  at  maximum 
field.  Figure  4  shows  the  calculated  field  distribution 
within  a  radius  of  1  cm,  at  injection  and  maximum  field. 
In  each  case  the  sextupole  is  about  104  cm'2.  This  current 
programming  enables  us  to  suppress  the  dominant  mul¬ 
tipoles  over  the  entire  range  of  operation. 

5  SYNCHROTRON  RADIATION  AND 
CRYOGENICS 

The  synchrotron  radiation  in  a  high-field  dipole  can  be  a 
pacing  consideration,  both  for  effective  cooling  of  the  di¬ 
poles  and  for  the  overall  refrigeration  budget  in  a  collider. 
We  contemplate  the  incorporation  of  a  cooling  channel 
within  the  beam  tube,  internally  cooled  by  either  liquid 
neon  (-30°  K)  or  liquid  nitrogen  (80°  K).  The  tube  is 
shown  in  Figure  1,  located  in  the  mid-plane  to  the  radial 
outside  in  the  collider  so  that  it  forms  the  first  wall  upon 
which  synchrotron  radiation  is  absorbed.  By  taking  the 
heat  of  the  synchrotron  radiation  at  such  elevated  tem¬ 
perature,  the  refrigeration  needed  to  remove  it  to  ambient 
is  dramatically  reduced.  We  have  simulated  such  a  con¬ 
ductor  geometry  in  TBCI  and  SUPERFISH;  no  problem¬ 
atic  higher-order  modes  are  driven.  Gas  molecules  that 
are  desorbed  from  the  tube  walls  by  the  synchrotron  radia¬ 
tion  should  be  trapped  on  the  (4°  K)  walls  of  the  beam  tube 
after  a  traversal  of  the  vacuum  space. 

6  CONCLUSIONS 

The  block-coil  dipole  provides  an  effective  basis  for 
optimizing  the  design  of  a  high-field  dipole  to  make  most 
effective  use  of  superconductor.  The  separation  of  stabi¬ 
lizing  copper  into  separate  strands  within  each  cable  offers 
a  dramatic  reduction  in  conductor  cost.  The  impact  of  this 
separation  upon  stability  against  micro-quenches  and  upon 
AC  losses  must  be  studied  to  determine  whether  it  is  con¬ 
sistent  with  all  of  the  many  requirements  upon  the  dipoles 
of  a  hadron  collider. 
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ANALYTICAL  STUDIES  OF  TOP-UP  SAFETY  FOR  THE 
ADVANCED  PHOTON  SOURCE  * 

L.  Emery,  M.  Borland,  ANL,  Argonne,  IL 


Abstract 

The  Advanced  Photon  Source  (APS)  is  a  7  GeV,  third- 
generation  synchrotron  radiation  source.  To  provide  more 
stable  beam  for  users,  we  are  pursuing  a  new  operating 
mode  called  “top-up.”  In  this  mode,  the  beam  current  is 
not  allowed  to  decay  as  it  normally  would,  but  instead  is 
maintained  at  a  high  level  through  frequent  injection.  A 
safety  question  with  top-up  mode  is,  during  injection  with 
photon  shutters  open,  can  injected  beam  ever  exit  a  photon 
beamline?  This  might  happen,  for  example,  due  to  a  full 
or  partial  short  of  a  dipole  coil.  We  discuss  a  number  of 
analytical  calculations  that  can  be  used  to  quickly  assess 
top-up  safety  for  a  general  ring.  We  also  apply  these  re¬ 
sults  to  the  specific  case  of  the  APS.  A  companion  paper  in 
this  conference  discusses  detailed  tracking  procedures  for 
assessing  safety. 

1  INTRODUCTION 

Injection  into  a  storage  ring  is  usually  done  with  all  pho¬ 
ton  safety  shutters  closed  to  protect  against  radiation  acci¬ 
dents.  As  one  can  easily  picture,  injecting  into  a  ring  with 
shorted  dipole  will  transport  the  injected  beam  down  a  pho¬ 
ton  beamline.  If  the  safety  shutter  of  the  beamline  is  open, 
then  the  injected  beam  can  exit  the  accelerator  enclosure 
and  potentially  produce  a  large  radation  dose. 

A  sufficient  condition  for  safe  injection  with  shutters 
open  (“top-up”  injection)  is  to  ensure  that  no  dipoles  are 
shorted.  This  could  be  done  directly  by  interlocking  on  the 
voltage  across  each  dipole.  An  indirect  way  is  to  detect  the 
absence  of  stored  beam,  which  indicates  the  possibility  of  a 
shorted  dipole.  Since  a  shorted  dipole  will  presumably  pre¬ 
clude  the  storing  of  beam,  one  could  inhibit  injection  with 
shutters  open  when  no  beam  is  stored  in  the  ring.  Injection 
could  only  proceed  in  an  empty  ring  when  the  shutters  are 
closed.  This  simple  idea  becomes  more  complicated  when 
one  includes  the  possibity  of  a  partially  shorted  dipole. 

It  may  not  be  obvious  at  first  but  the  possibility  of  ex¬ 
tracting  beam  into  a  photon  beamline  under  normal  circum¬ 
stances  is  severely  restricted  by  the  internal  apertures  of  the 
storage  ring,  in  particular  the  dipole  crotch  absorbers.  The 
extraction  of  injected  beam  can  only  occur  from  a  short 
(full  or  partial)  of  a  directly  upstream  dipole  magnet.  Ac¬ 
companying  magnet  faults  or  lattice  configuration  errors 
may  enhance  the  possibility  of  extraction,  but  they  alone 
cannot  extract  the  injected  beam.  A  full  proof  of  this  state¬ 
ment  as  applied  to  the  APS  storage  ring  has  been  done  us¬ 
ing  detailed  tracking  simulations  and  is  given  in  an  accom- 
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panying  paper  [1].  The  stored  beam  detection  safety  in¬ 
terlock  has  been  adopted  for  top-up  operation  at  APS  (for 
other  details  on  top-up  operation  see  [2]). 

This  paper  will  illustrate  some  of  the  principles  of  the 
tracking  simulations.  The  discussion  will  refer  to  the  field 
strength  error  (FSE)  of  a  dipole  as  a  variable  quantity.  A 
normal  dipole  has  an  FSE  value  of  0,  while  a  completely 
shorted  dipole  has  an  FSE  value  of  —1.  These  two  limit¬ 
ing  values  of  FSE  correspond  to  two  situations  of  definite 
character.  We  shall  show  that  when  FSE  =  0  (i.e.,  the  ring  is 
normal),  stored  beam  is  possible  but  extraction  of  injected 
beam  into  a  photon  line  is  impossible.  When  FSE  =  —  1, 
stored  beam  is  impossible  but  extraction  of  injected  beam 
into  a  photon  beamline  is  possible. 

For  intermediate  values  of  FSE,  one  has  to  estimate  sep¬ 
arately  the  possibility  of  stored  beam  or  of  the  extraction  of 
injected  beam.  If  there  are  some  values  of  FSE  that  allow 
both  a  stored  beam  and  extraction  of  injected  beam,  then 
top-up  injection  is  not  safe.  We  shall  show  that  in  the  case 
of  APS  and  its  apertures,  there  are  no  unsafe  values  of  FSE. 

At  APS  there  are  two  X-ray  beamline  types  of  slightly 
different  geometry:  ID  beamlines  with  photons  exiting  the 
first  (AM)  dipole  photon  port,  and  BM  beamlines  (bend¬ 
ing  magnet  radiation)  with  photons  collected  from  a  point 
1/8  th  the  distance  downstream  of  the  second  (BM)  dipole 
entrance.  They  will  be  treated  separately  where  possible. 

2  NORMALLY  OPERATING  DIPOLES 

If  all  dipoles  are  operating  normally,  extraction  of  injected 
beam  is  impossible,  no  matter  what  other  magnet  faults  or 
lattice  configurations  might  be  used.  Illustration  of  this 
point  involves  tracking  a  hypothetical  extracted  injected 
beam  backwards  in  the  photon  beamline. 

To  begin,  assume  that  the  photon  beamline  acceptance 
is  very  small,  so  that  the  backtracked  beam  is  a  single 
ray  through  the  center  of  the  acceptance-defining  aper¬ 
tures.  Using  the  simple  geometry  in  Figure  1,  the  parti¬ 
cle  beam  trajectory  (going  backwards)  crosses  the  entrance 
of  the  dipole  at  the  comer  of  the  pole.  In  APS,  the  ef¬ 
fective  pole  width  is  112  mm  and  the  vacuum  chamber 
is  43  mm.  Therefore,  the  hypothetical  beam  must  have 
originated  non-physically  from  the  vacuum  chamber,  from 
which  we  conclude  that  extraction  of  beam  is  impossible. 
Note  that  since  the  backtracked  beam  is  “lost”  before  leav¬ 
ing  the  dipole,  no  other  magnet  fault  or  configuration,  in¬ 
cluding  extreme  injection  kicker  settings,  can  affect  the  re¬ 
sult  and  produce  an  extracted  beam. 

The  picture  gets  more  complicated  if  one  allows  for  the 
rather  large  acceptance  of  the  photon  beamlines.  There  is 
an  increased  chance  for  a  particle  to  backtrack  successfully 
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Figure  1:  Schematic  layout  of  dipole  and  hypothetical  tra¬ 
jectories.  Curvature  is  highly  exaggerated  for  clarity. 

through  the  dipole  and  disprove  our  case.  The  backwards 
trajectory  that  might  best  make  it  through  the  dipole  is  the 
one  that  starts  out  with  negative  coordinate  (negative  means 
inboard)  at  the  last  aperture  and  has  a  positive  divergence 
angle  (outboard  direction)  such  that  it  just  makes  it  through 
the  first  aperture.  The  dipole,  of  radius  p  =  39  m  and  length 
Ld  =  3.06  m,  is  a  distance  L\  (see  Figure  1)  from  the  first 
aperture.  The  apertures  have  widths  wx  and  w2,  and  are 
separated  by  distance  L2.  The  coordinate  of  the  trajectory 
at  the  entrance  of  the  dipole  is  xtraj  =  ~w2  +  (Ld  +  L\  + 
L2)(w2  +  wi)/L2  —  L\/{2p).  In  both  beamlines,  whose 
aperture  dimensions  are  shown  in  Table  1,  the  endpoint  of 
the  trajectory  coordinate  is  beyond  the  —43  mm  vacuum 
chamber  limit. 


Table  1:  Photon  aperture  dimensions 


Beamline 

U 

m 

l2 

m 

W\ 

mm 

w2 

mm 

^traj 

mm 

ID 

0.765 

11.331 

22 

36 

-78 

BM 

0.865 

16.300 

13 

66 

-88 

3  SINGLE  DIPOLE  COMPLETELY 
SHORTING  OUT 

When  a  dipole  is  completely  off,  the  injected  beam  can 
easily  be  extracted.  The  phase  space  of  the  injected  beam 
with  a  typical  betatron  oscillation  can  easily  fit  inside  the 
photon  acceptance.  When  a  dipole  is  off,  a  beam  can¬ 


not  be  stored.  Though  this  may  seem  obvious,  the  ex¬ 
treme  closed  orbit  created  by  such  a  perturbation  on  the 
dipole  can  be  calculated  from  the  standard  formula  x(s)  = 
Ax'  fcos(f^d)  cos{[ -  M  ~  TTI/*}  .  Ax'  is  the  same 
as  the  dipole  bend  angle  7t/40  =  79  mrad.  A  small  value 
for  f3x<d  of  2  m  is  a  conservative  choice,  making  the  effect 
of  the  dipole  perturbation  small.  Using  a  typical  value  of 
(5X  (s)  =  20  m  for  apertures  around  the  ring  and  maximiz¬ 
ing  the  cos  term  (since  there  are  apertures  at  all  phases),  we 
obtain  a  closed  orbit  distortion  of  about  250  mm,  compared 
to  a  horizontal  aperture  of  43  mm. 

4  SINGLE  DIPOLE  PARTIALLY 
SHORTING  OUT 

From  the  above,  we  have  explored  only  the  two  limiting 
values  of  field  strength  error  for  a  dipole.  We  expect  that 
stored  beam  will  be  possible  for  an  FSE  range  of  FSEst0red 
to  0,  and  extraction  of  the  injected  beam  will  be  possible 
for  an  FSE  range  of  -1  to  FSEextr-  It  is  important  for  top- 
up  safety  that  the  ranges  do  not  overlap,  i.e.,  FSEgap  = 
FSEstored  —  FSEextr  >  0. 

The  FSE  limit  for  a  stored  beam,  FSEst0red,  can  be  esti¬ 
mated  from  the  formula  for  a  closed  orbit  of  a  linear  lattice 
due  to  a  point  orbit  kick,  as  used  above.  One  obtains  an  ex¬ 
pression  for  the  maximum  orbit  kick  allowed  for  a  uniform 
aperture  xap  around  the  ring  8x[Xrn  =  -7= — .  Using  the 

aperture  of  the  vacuum  chamber  extrusion  of  43  mm  (the 
other  smaller  apertures  around  the  ring  are  ignored  for  sim¬ 
plicity),  then  one  gets  a  limiting  kick  angle  of  Sx'  =  14 
mrad,  which  gives  FSEst0red  =  -0.17. 

The  FSE  limit  for  an  injected  beam  is  estimated  approx¬ 
imately  as  follows.  We  consider  only  the  trajectory  cen¬ 
tered  on  the  photon  beam  axis  and  assume  a  parabolic  neg¬ 
ative  trajectory  through  the  whole  length  of  the  dipole.  One 
equates  the  backtracked  trajectory  using  the  limiting  FSE 
with  the  aperture  of  the  dipole:  xap  =  —  (l  +  FSE)-^-.  For 
an  aperture  of  43  mm,  we  get  FSEextr  =  —0.61. 

Comparing  the  two  results  above  we  see  that  FSEgap  = 
FSEstored  —  FSEextr  >  0.47,  and  therefore  the  ranges  of 
FSE  for  stored  beam  and  extracted  injected  beam  do  not 
overlap.  To  the  extent  that  the  assumptions  of  these  com¬ 
putations  are  correct,  top-up  injection  is  safe. 

A  better  estimate  of  the  FSE  limit  for  an  injected  beam 
involves  detailed  tracking  [1],  The  full  acceptance  of  the 
photon  beamline  and  the  unusual  edge  focusing  due  to  the 
beam  exiting  the  side  of  the  dipole  are  included,  both  of 
which  will  weaken  our  case.  However,  particle  tracking  in¬ 
cludes  magnets  and  apertures  upstream  of  the  faulty  dipole, 
which  strengthen  our  case.  These  effects  roughly  cancel 
out,  giving  a  value  of  FSEextr  =  -0.60,  which  doesn’t 
change  the  conclusion. 

4. 1  Effect  of  Orbit  Correction 

Steering  magnets  between  the  injection  point  and  the 
shorted  dipole  will  displace  both  the  injected  beam  and  the 
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stored  beam  within  the  same  apertures,  without  changing 
the  separation  in  phase  space  of  the  two  beams.  Though 
the  FSE  limits  for  the  extracted  injected  beam  and  the 
stored  beam  may  vary  in  an  actual  ring  with  arbitrary  steer¬ 
ing  between  the  injection  point  and  the  shorted  dipole,  the 
quantity  FSEgap  =  FSEst0red  -  FSEextr  is  not  expected 
to  change,  and  any  conclusions  obtained  for  an  unsteered 
beam  are  unchanged. 

However,  a  steering  magnet  placed  downstream  of  a 
shorted  dipole  may  partially  compensate  the  error  on 
the  dipole  while  leaving  the  extracted  injected  beam  un¬ 
changed,  since  the  injected  beam  never  sees  the  steering 
magnet.  This  possibility  will  change  FSEst0red  for  the 
worse  while  leaving  FSEextr  unchanged. 

A  possible  source  of  steering  is  a  regular  horizontal 
corector  magnet,  with  a  maximum  kick  for  a  7-GeV  beam 
of  1.2  mrad,  which  is  small  compared  to  the  FSEst0red 
angle  equivalent  of  14  mrad.  The  other  possible  sources 
of  such  steering  are  quadrupole  and  sextupole  magnets 
shorted  in  such  a  way  that  a  strong  dipole  field  is  produced. 
To  be  conservative,  we  use  the  peak  field  value  the  multi¬ 
pole  can  produce  when  operating  at  maximum  current  of 
the  power  supply.  The  maximum  kick  for  a  6-GeV  beam 
produced  by  the  sextupoles  and  quadrupoles  ranges  from 
24  to  71  mrad.  This  at  first  appears  to  be  a  serious  problem 
since  the  dipole  field  error  could  apparently  be  compen¬ 
sated  to  maintain  a  stored  beam  while  the  injected  beam 
gets  extracted  out  of  the  dipole. 

However,  the  betatron  phase  difference  between  the 
dipole  and  the  multipoles  works  in  our  favor  to  impede  the 
ability  of  these  shorted  multipole  elements  to  reduce  the  or¬ 
bit  distortion.  The  length  of  the  dipole  itself  serves  to  pro¬ 
vide  some  phase  advance  separation  that  reduces  the  ability 
of  outside  kicks  to  correct  the  orbit  distortion  produced  by 
the  dipole.  An  approximate  expression  for  the  maximum 
possible  relative  increase  in  FSEstored  aided  by  a  steer¬ 
ing  element  can  be  derived  as  follows.  We  start  with  the 
closed  orbit  formula  and  simplify  the  expression  by  mak¬ 
ing  fix(s)  constant  and  introducing  one  oscillatory  term  for 
the  shorted  multipole  dipole  kick,  fe'M.  Dropping  common 
factors,  we  get  two  oscillatory  terms, 

— FSE(7t/40)  cos  V>(s)  +  <fa4[  cos  {tp{s)  —  A<j>}, 

where  ip(s)  =  <f>{s) — 4><i — nvx  and  A <j>  is  the  phase  separa¬ 
tion  between  the  shorted  dipole  and  the  multipole  steering 
element.  The  idea  is  to  choose  a  value  of  <fa'M  to  minimize 
the  effect  of  the  FSE  term.  Solving  graphically  with  pha- 
sors,  the  orbit  oscillation  for  a  given  FSE  can  be  reduced 
by  a  factor  sin  A<j),  and  the  corresponding  correction  angle 
is  FSE(7r/40)  cos  A <f>.  Thus  for  a  given  aperture,  the  FSE 
limit  is  increased  in  magnitude  by  factor  1  /  sin  A <f>  which 
is  always  greater  than  one. 

Table  2  shows  the  estimated  increased  magnitude 
FSEstored  values,  which  range  from  the  original  —0.17  to 
—0.29.  Since  FSEst0red  =  —0.61,  then  we  are  still  safe 
for  top-up  injection.  Different  lattices  may  have  different 


original  FSEst0red  and  A<p’s,  in  which  case  the  possible 
FSEstored  will  have  to  be  re-evaluated. 


Table  2:  Estimated  increase  of  FSEst0red 


Dipole 

Location 

A<j>/2it 

FSEstored 

Ax' 

mrad 

AM 

end  of  dipole 

0.16 

-0.20 

7 

AM 

A:S3 

0.18 

-0.19 

6 

AM 

A:Q4 

0.23 

-0.17 

2 

AM 

A:Q5 

0.25 

-0.17 

0 

BM 

end  of  dipole 

0.10 

-0.29 

11 

BM 

B:S2 

0.11 

-0.27 

10 

BM 

B:Q3 

0.13 

-0.23 

9 

BM 

B:Q2 

0.14 

-0.22 

9 

5  INJECTION  ENERGY  ERROR 

A  higher  energy  beam  injected  into  the  SR  will  be  de¬ 
flected  less  by  the  dipoles,  making  it  easier  to  extract 
down  a  photon  beamline.  A  positive  relative  energy  er¬ 
ror,  A  p/p,  in  an  injected  beam  will  change  the  FSEextr  to 
(1  +  FSEextr)  *  (1  +  Ap/p)  -  1. 

The  maximum  energy  output  of  the  booster  is  7.7  GeV. 
In  addition,  we  installed  an  interlock  for  the  storage  ring 
main  dipole  current  circuit  that  prevents  top-up  operation 
below  6  GeV.  Therefore,  the  largest  possible  energy  error  is 
about  28%.  Apertures  also  limit  the  energy  error.  There  are 
one  and  a  half  sectors  between  the  injection  beamline  and 
the  first  photon  beamline,  which  ensures  that  an  off-energy 
beam  will  experience  a  dispersion  trajectory  through  aper¬ 
tures.  The  dispersion  in  the  standard  lattice  is  1 88  mm  at 
the  31 -mm  crotch  absorber  aperture,  giving  a  realistic  limit 
to  the  energy  error  of  16%. 

The  maximum  Ap/p  of  16%  reduces  the  magnitude  of 
FSEextr  from  —0.60  to  —0.536,  but  does  not  change  the 
conclusion  that  top-up  is  safe.  Using  the  28%  value  for 
Ap/p  results  in  FSEextr  =  —0.488,  which  again  does  not 
change  the  conclusion. 
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Abstract 

High-Gain  Harmonic  Generation  experiment  is 
underway  at  the  ATF.  This  experiment  utilizes  41  MeV 
electron  beam  produced  by  photocathode  electron  gun 
and  s-band  linac.  The  strict  requirements  on  electron 
beam  trajectory  in  a  2-m  long,  60  period  undulator  are 
essential  for  the  success  of  the  experiment.  The 
simulation  demands  that  trajectory  errors  should  be  less 
than  100  pm  in  the  wiggler.  Five  pop-in  monitors  are 
used  to  measure  the  electron  beam  trajectory  along  the 
wiggler.  HeNe  laser  defines  reference  line.  We  present 
our  results  and  experience  concerning  different  aspects 
of  the  electron  beam  alignment. 

1  INTRODUCTION 

Currently,  a  high  gain  harmonic  generation  experiment  is 
being  commissioned  at  the  Accelerator  Test  Facility  at 
BNL.  This  experiment  is  based  on  collaboration  between 
BNL  and  the  APS.  A  brief  description  and  status  of  the 
experiment  can  be  found  in  these  proceedings  [1], 

One  of  the  important  requirements  of  the  experiment  is 
the  electron  beam  trajectory  tolerance  inside  the  radiator 
-  Cornell  wiggler.  Using  multi-particle  simulations  with 
the  TDA-3D  code  the  gain  as  a  function  of  the  transverse 
rms  displacement  of  the  trajectory  was  studied  [2].  Based 
on  these  simulations  it  was  concluded  that  the 
displacement  of  the  trajectory  in  the  wiggler  should  be 
less  than  100  pm.  In  this  paper  we  present  the  details  of 
the  beam  trajectory  measurement  and  correction  in  the 
Cornell  wiggler. 

2  BEAM  LINE  DESCRIPTION 

The  experiment  layout  consists  of  two  wiggler  magnets 
separated  by  dispersive  section.  First  wiggler  in 
combining  with  C02  laser  radiation  provides  energy 
modulation  of  the  electron  beam.  Dispersive  section 
transforms  the  energy  modulation  to  spatial  bunching. 
Upon  passing  through  the  third  wiggler  (the  Cornell 
wiggler)  the  prebunched  electron  beam  radiates 
coherently.  Main  parameters  of  the  Cornell  wiggler  are 
presented  in  the  table  below. 


Undulator  Period 

3.3  cm 

Number  of  Periods 

60 

Peak  Magnetic  Field 

0.467  T 

The  horizontal  trajectory  of  the  beam  calculated  using 
measured  magnetic  field  is  shown  on  Figure  1.  The 
averaged  electron  trajectory  in  the  Cornell  wiggler  has 
offset  of  about  800  pm  relative  to  the  axis  of  the  beam 
line. 


Figure  1  Horizontal  trajectory  in  the  Cornell  wiggler 
calculated  using  measured  magnetic  field. 

The  gain  of  FEL  depends  on  maintaining  a  precise  phase 
relationship  between  the  wiggle  motion  and  the  electric 
field  of  the  radiation.  It  is  necessary  to  effectively 
control  the  transverse  betatron  oscillations  to  satisfy  this 
relationship.  In  a  wiggler  of  conventional  design  there  is 
no  focusing  in  horizontal  plane  so  external  focusing  is 
required.  This  focusing  is  provided  by  four-wire 
correctors  mounted  on  the  vacuum  chamber  inside  the 
magnetic  gap  of  the  Cornell  wiggler.  Four  separate 
corrector  sections  are  distributed  over  the  wiggler.  These 
correctors  can  provide  both  dipole  and  quadrupole  fields. 
The  strength  of  the  quadrupole  correctors  is  adjusted  to 
keep  horizontal  and  vertical  beta  functions 
approximately  constant  along  the  wiggler  and  equal  to 
0.6  m.  Lattice  functions  of  the  beam  line  are  shown  on 
Figure  2. 

3  ELECTRON  BEAM  DIAGNOSTICS 

Electron  beam  diagnostics  are  provided  by  pop-in 
monitors.  There  are  8  pop-in  monitors  along  the  beam 
line.  Five  of  them  are  in  the  Cornell  wiggler.  These  use 
coaxial  actuators  because  access  to  the  vacuum  chamber 
is  limited  to  only  one  side.  Fluorescent  screens  are  used 
for  imaging.  Each  pop-in  monitor  is  equipped  with  own 
CCD  camera  and  can  be  connected  to  a  frame  grabber. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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The  CCD  cameras  and  optics  provide  resolution  of 
10pm. 
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Figure  2  Beta  functions  of  the  beam  line.  First  and  third 
wigglers  are  black  boxes. 


A  HeNe  laser,  which  is  aligned  using  two  irises,  defines 
the  reference  straight  line.  The  HeNe  laser  beam  position 
strongly  depends  on  the  temperature  of  the  laser.  For  our 
case  1  degree  C  approximately  corresponds  to  20pm 
displacement  at  the  pop-in  monitor  locations.  There  is  no 
temperature  stabilization  for  the  HeNe  laser  so  this 
dependence  should  be  always  kept  in  mind. 

The  HeNe  laser  is  also  used  for  calibration  of  the  pop-in 
monitors.  The  laser  beam  is  deviated  with  rotating  thick 
glass,  and  frame  grabber  readings  are  compared  with 
known  laser  displacement.  It  was  found  that  the 
calibration  is  not  constant  along  the  monitor  area,  so  we 
suppose  that  aluminium  mirrors  inside  the  vacuum 
chamber  are  not  flat. 

The  HeNe  laser  beam  is  focused  to  have  a  wedge  on  3d 
monitor  of  the  Cornell  wiggler.  The  distance  between 
focusing  telescope  and  the  3d  monitor  is  about  10  m  so 
the  minimum  possible  beam  size  at  that  point  is  about  1 
mm.  On  other  pop-in  monitors  the  laser  spot  a  bit  larger. 
Such  big  laser  beam  size  places  high  demands  on  laser 
beam  and  pop-in  monitor  optics  quality  because  it  is 
necessary  to  determine  the  position  of  the  centroid  of  the 
1  mm  spot  with  accuracy  of  order  of  ten  microns. 


3  TRAJECTORY  CORRECTION 

Magnetic  measurements  of  the  Cornell  wiggler  has 
demonstrated  that  the  real  magnetic  field  of  the  wiggler 
does  not  have  considerable  distortions  and  corresponds 
well  to  the  designed  values.  So  one  can  expect  that  the 
trajectory  of  the  electron  beam  with  initial  coordinates 
corresponding  to  the  focusing  axis  of  the  wiggler  should 
be  straight  line.  Therefore  the  problem  of  the  trajectory 
correction  in  the  Cornell  wiggler  is  to  find  the  initial 
conditions  for  the  electron  beam  corresponding  to  the 
focusing  axis.  The  HeNe  beam,  which  design  position 
should  coincide  with  the  focusing  axis,  defines  this  axis. 


Despite  the  precise  positioning  of  the  irises  used  for  the 
HeNe  laser  alignment,  it  turned  out  that  the  electron 
beam  trajectory  with  the  same  initial  conditions  as  the 
laser  beam  is  not  straight  but  has  betatron  oscillations. 
This  means  the  HeNe  laser  beam  position  is  not 
coincident  with  the  focusing  axis  of  the  Cornell  wiggler. 
In  such  situation,  to  correct  the  trajectory  it  is  necessary 
first  to  determine  the  position  of  the  HeNe  laser  beam 
relative  to  the  focusing  axis.  To  find  this  we  assume  that 
the  HeNe  laser  beam  is  a  straight  line  but  with  unknown 
position  at  the  entrance  of  the  wiggler.  Then  we  measure 
difference  between  the  electron  beam  trajectory  and  the 
HeNe  laser  beam  for  each  pop-in  monitor  in  the  wiggler. 
After  that  we  use  calculated  beam  transfer  matrices  to  fit 
the  betatron  oscillations  of  the  electron  beam.  The 
variables  for  this  fit  are  position  and  angle  of  the  HeNe 
beam  and  angle  of  the  electron  beam  at  the  entrance  of 
the  wiggler.  The  initial  position  of  the  electron  beam  can 
be  found  as  sum  of  the  HeNe  beam  position  and 
measured  distance  between  laser  and  electron  beam  at  the 
first  pop-in  monitor.  A  least  square  fit  procedure  is  used 
to  determine  the  HeNe  offset  and  the  electron  beam 
entrance  coordinates.  The  examples  of  the  measured  and 
fitted  vertical  trajectories  are  presented  on  Figure  3.  The 
vertical  offset  between  the  HeNe  laser  beam  and  the 
focusing  axis  is  about  400  pm. 


Figure  3  Examples  of  measured  and  fitted  vertical 
trajectories.  Focusing  axis  is  also  shown.  The  offset 
between  the  HeNe  laser  and  the  focusing  axis  is  about 
400pm. 

After  the  HeNe  offset  is  determined,  the  electron  beam 
can  be  moved  to  the  focusing  axis  using  only  correctors 
outside  the  wiggler.  This  procedure  is  implemented  on 
Labview,  and  results  of  correction  of  the  vertical 
trajectory  are  shown  on  Figure  4.  Maximum  errors  for 
the  corrected  trajectory  are  ±50pm,  which  satisfies  the 
requirements. 

Same  technique  can  be  applied  to  horizontal  trajectory 
but  there  are  few  obstacles  that  make  it  more  difficult. 
According  to  Figure  1  the  trajectory  on  first  and  fifth 
pop-in  monitors  (which  are  situated  right  before  and 
after  the  wiggler)  lies  on  a  beam  line  axis,  while  on  other 
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three  monitors  it  lies  in  the  wiggle  motion  region  with 
800  pm  average  offset.  Longitudinal  positions  of  these 
three  monitors  with  respect  to  the  wiggle  motion  are  also 
known  with  moderate  accuracy.  That’s  why  it  is  useful 
to  have  trajectory  measurement  not  relying  on  the  HeNe 
laser. 


Vertical  trajectory 


Figure  4  Vertical  trajectory  before  and  after  correction. 

The  main  purpose  of  the  HeNe  laser  in  our  case  is  to 
define  zeros  of  the  pop-in  monitors.  Without  the  laser 
another  definition  of  zeros  is  necessary.  In  the  magnetic 
field  of  the  wiggler  there  is  no  natural  focusing  in  the 
horizontal  plane  so  the  only  candidate  for  the  zeros 
definition  is  the  focusing  axis  of  the  4-wire  correctors. 


Figure  5  Relative  trajectory  change  due  to  focusing 
variation. 

To  find  the  trajectory  without  the  HeNe  laser  we  vary  the 
focusing  in  the  Cornell  wiggler  and  measure  the 
corresponding  beam  position  changes.  Example  of  these 
measurements  for  different  focusing  is  presented  on 
Figure  5.  The  difference  in  beam  trajectories  for  various 
focusing  in  the  wiggler  depends  on  the  focusing 
properties  of  the  wiggler  and  initial  coordinates  of  the 
electron  beam.  Comparing  measured  beam  behaviour 
with  calculated  one  the  unknown  beam  position  at  the 
entrance  of  the  wiggler  can  be  found. 

Least  squares  are  used  to  fit  measured  data  and  to  find 
position  and  angle  of  the  electron  beam  at  the  entrance 
of  the  wiggler.  A  singular  value  decomposition  method 


is  used  to  find  inverse  matrix  in  the  least  squares.  The 
results  of  the  trajectory  correction  are  shown  on  Figure 
6.  The  maximum  errors  of  the  corrected  trajectory  in  this 
method  are  ±30pm  in  both  horizontal  and  vertical 
planes. 


Trajectory  after  the  correction 


Figure  6  Results  of  the  correction  using  the  focusing 
variation  for  horizontal  and  vertical  planes. 

4  CONCLUSION 

We  present  the  electron  beam  diagnostics  and  the 
trajectory  correction  schemes  for  the  HGHG 
experiments.  The  experiment  requires  the  beam 
trajectory  in  the  wiggler  magnets  to  be  straight  line 
within  100  pm,  and  our  correction  schemes  allow 
achieving  such  accuracy.  However  using  HeNe  laser  as  a 
reference  line  demands  surprisingly  high  quality  optical 
elements  in  pop-in  monitors  to  achieve  same  accuracy  as 
in  methods  using  focusing  variation  in  the  wiggler. 

In  our  case  the  focusing  variation  method  demonstrates 
better  accuracy  of  correction  than  the  first  method 
relying  on  the  HeNe  laser.  The  main  problem  of  the  first 
method  seems  to  be  in  the  determination  of  the  HeNe 
beam  positions.  Due  to  long  distance  between  telescope, 
which  focus  the  HeNe  beam,  and  pop-in  monitors  the 
minimum  possible  laser  beam  size  on  the  monitors  is 
about  1mm.  To  get  good  correction  it  is  necessary  to 
determine  the  HeNe  beam  position  with  accuracy  of 
order  of  10  pm.  But  non-ideal  optical  elements 
(telescope,  mirrors,  filters,  etc.)  cause  small  laser  image 
distortions  which  result  in  the  errors  in  measuring  of  the 
positions  of  the  HeNe  beam  centroid.  Therefore  the  laser 
beam  trajectory  is  not  a  straight  line  any  more,  and  this 
defines  limitation  for  correction  scheme. 
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Abstract 

In  December  1998  the  FRN  -  The  Swedish  Council  for 
Planning  and  Coordination  of  Research  -  decided  to  fund 
a  new  injector  and  storage  ring  for  the  MAX-laboratory. 
The  system  will  consist  of  a  50-MeV  linac,  a  600-MeV 
booster  synchrotron,  and  a  600-MeV  storage  ring  for 
VUV  undulator  beamlines.  The  system  will  replace  an 
old  100-MeV  racetrack  microtron  and  will  inject  the  two 
existing  storage  rings:  the  550-MeV  MAX  I  and  the  1.5- 
GeV  MAX  II,  as  well  as  the  new  600-MeV  storage  ring. 
The  linac  injector  will  also  be  designed  with  intentions 
to  provide  electrons  for  a  future  infrared  free-electron 
laser  (IR-FEL)  facility.  The  detailed  design  of  the 
system  began  in  January  1999  with  a  planned  first  beam 
in  the  summer  of  2001. 

1  OVERVIEW 

The  current  MAX-lab  accelerator  system  [1]  consists  of 
a  100-MeV  racetrack  microtron  used  as  injector  for  the 
550-MeV  storage  ring,  MAX  I.  MAX  I  is  able  to  store 
electrons  for  synchrotron  radiation  production,  stretch 


Table  1.  Pre-injector  system 


GUN  Thermionic  rf  gun 

Energy 

~  2MeV 

Micropulse  length 

<  10  ps 

rf  frequency 

3  GHz 

Charge/micropulse 

0.2  nC 

Normalised  emittance 

15  mm  mrad 

LINAC  Energy  range 

25-50  MeV 

Macropulse  current 

10-100  mA 

Rep.  rate 

1-50  Hz 

rf  frequency 

3  GHz 

Max.  rf  power 

35  MW 

Normalised  emittance 

15  mm  mrad 

Most  values  are  preliminary 


them  in  pulse-stretcher  mode  for  nuclear  physics 
research,  or  serve  as  an  injector  supplying  a  500-MeV 
beam  to  MAX  II.  MAX  II,  used  exclusively  for 
synchrotron  radiation  production,  accepts  beam  from 
MAX  I  and  is  able  to  further  accelerate  it  to  1 .5  GeV. 

Although  the  injector  system  provides  a  quality  beam, 
the  aging,  twenty-year  old,  radiation  damaged  racetrack 
microtron  needs  replacement  to  ensure  reliable  operation 
in  the  future. 

A  new  injector  system  is  being  designed  but  has  a 
number  of  constraints  for  the  various  modes  of 
operation.  These  include,  — 

♦  Injection  into  the  MAX  II  storage  ring  without 
entering  MAX  I. 

♦  Full  energy  injection  into  MAX  I  (550  MeV). 

♦  Increased  energy  of  MAX  I  in  pulse-stretcher  mode 
(from  100  to  250  MeV). 

Also,  additional  desires  arose,  including 

♦  Additional  space  for  VUV-beamlines. 

♦  Drive  beam  for  an  IR-FEL. 

♦  Capabilities  for  a  storage  ring  (SR)  UV-FEL. 

The  injector  upgrade  concept,  presented  to  the  FRN  - 
The  Swedish  Council  for  Planning  and  Coordination  of 
Research,  consists  of  a  thermionic  electron  gun,  a 
normal-conducting  50-MeV  linac,  a  600-MeV  booster 
and,  on  top  of  the  booster,  a  700-MeV  storage  ring.  The 
rings  both  have  a  33-m  circumference  and  will  be  placed 
in  an  available  area,  between  the  two  existing  storage 
rings.  The  linac  system,  however,  will  be  placed  in  a 
presently  unoccupied  space  in  the  basement. 


*  E-mail:  sverker.werin@maxlab.lu.se 
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2  THE  GUN  AND  LINAC-SYSTEM 

The  gun  and  linac  parameters  can  be  found  in  Table  1. 
The  linac  will  consist  of  a  3-GHz  accelerating  structure 
identical  to  the  ones  for  the  Swiss  Light  Source  (SLS) 
injector  and  the  normal-conducting  TESLA  alternative 
[2].  A  35-MW  klystron  will  feed  the  linac  with 
sufficient  rf  power  to  accelerate  200  mA  to  50  MeV. 
Until  recently,  it  was  assumed  that  a  standard  thermionic 
dc  gun  with  a  500-MHz  pre-buncher  and  a  3-GHz 
buncher  would  be  used.  Now,  however,  a  thermionic  rf 
gun  with  a  magnetic  compressor  is  under  examination, 
since  this  would  eliminate  the  need  for  a  pre-buncher 
and  buncher.  This  pathway  seems  most  promising,  since 
both  SSRL  [3]  and  APS  [4]  routinely  operate  with  such 
guns. 

3  THE  BOOSTER 

The  booster  concept  was  chosen  as  a  convenient  and 
reliable  way  to  provide  500-MeV  electrons  for  the 
storage  rings  at  the  laboratory. 

3.1  Lattice 

A  combined  function  four-fold  structure,  as  illustrated  in 
Figures  1  and  2,  will  be  used.  The  quadrupoles  are 
focussing  in  the  horizontal  direction  and  the  dipole 
magnets  have  a  gradient  for  vertical  focussing. 
Sextupole  components  are  included  in  the  quadrupole 
and  dipole  magnets  to  provide  a  positive  chromaticity. 
The  booster  lattice  parameters  are  given  in  Table  2. 

Table  2.  Booster  parameters 


Max  energy 

600  MeV 

Injection  energy 

50  MeV 

Circulating  current 

40  mA 

Circumference 

~30  m 

Straight  section  length 

3.1  m 

Mom  comp  factor 

0.045 

Nat  hor  emittance 

31  nmrad  (@600MeV) 

Quadrupoles 

L=0.25/0.4  m;  K:3.998; 
R=2  cm 

Dipoles 

L=1.3333  m;  n:1.8836; 
g/2=l  cm 

Hor  admittance 

26  mm  mrad 

Vertical  admittance 

5  mm  mrad 

Momentum  acceptance 

1% 

Rep  rate 

10  Hz  /  1  Hz 

Most  values  are  preliminary 


Betatron  amplitude  functions  [m]  versus  distance  [m] 
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Figure  1 .  The  lattice  for  both  booster  and  storage  ring. 

4  THE  STORAGE  RING 

The  storage  ring  is  designed  to  provide  a  simple  and 
inexpensive  way  to  provide  additional  VUV  beamlines. 
Here,  a  lattice  combining  compactness  and  low 
emittance,  also  applicable  to  the  booster,  was  created 
by  allowing  dispersion  in  the  straight  sections  and  a 
gradient  in  the  bending  magnets  thus  enhancing 
synchrotron  radiation  damping.  The  storage  ring 
parameters  are  given  in  Table  3. 

Since  this  ring  has  a  lattice  similar  to  the  booster,  it 
will  be  conveniently  placed  on  top  of  and  injected  by 
the  booster.  Using  the  same  girders  will  save  space  and 
make  survey  and  alignment  less  time  consuming.  Also, 
producing  a  "double  set"  of  magnets  will  minimize  the 
production  cost.  To  avoid  crosstalk  between  the 
magnetic  fields  of  the  two  rings,  however,  a  separation 
distance  of  approximately  40  cm  is  necessary. 

5  OPERATION  MODES 


5.1  Injector  for  MAX  II 

The  quality  of  an  injector  for  MAX  II  is  defined  by  its 
emittance.  The  booster  will  operate  at  1  Hz  and  500 
MeV,  providing  significant  improvement  regarding  both 
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Table  3.  Storage  ring  parameters 


Operating  energy 

700  MeV 

Circulating  current 

200  mA 

rf  frequency 

100  MHz 

rf  voltage 

0.21  MV 

Half  bucket  height 

1% 

Energy  spread  (natural) 

0.4*10-3 

Bunch  length  (natural) 

0.75  cm 

Lifetime:  Touschek 

0.27  Ah  @  10%  coupling 

Vacuum 

8  h  @  1  nTorr  CO 

Emittance 

26  nm  rad  (@700  MeV) 

Beam  size  in  SS 

0.35*0.07  mm2 

Most  values  are  preliminary 


the  repetition  rate  of  the  injection  and  the  injected 
current. 

5.2  Injector  for  MAX  I 

The  MAX  I  storage  ring  will  be  injected  at  the  full 
design  energy  of  500  MeV  instead  of  the  present  100 
MeV.  Given  the  low  emittance  injector  design,  more 
reliable  operation  is  predicted,  even  at  increasingly 
higher  currents. 

5.3  Storage  ring  mode 

The  storage  ring  was  designed  to  have  the  same  qualities 
as  MAX  II,  a  full  third  generation  light  source,  implying 
excellent  stability,  low  coupling,  long  lifetimes  and  a 
low  emittance.  To  provide  painless  operation,  injection 
will  be  made  at  almost  full  energy. 


5.4  Nuclear  physics  operation 

In  pulse-stretcher  mode,  the  operating  energy  of  MAX  I 
will  be  extended  up  to  250  MeV,  at  a  repetition  rate  of 
10  Hz.  Since  the  new  injector  will  be  able  to  deliver 
higher  peak  currents,  new  nuclear  physics  experiments 
have  been  proposed. 

5.5  FEL  laser  prospects 

The  linac  will  allow  for  a  future  IR-FEL  facility.  In 
order  to  supply  the  10-p.s  rf  pulse  necessary  for  FEL 
operation,  however,  modifications  to  the  klystrons  and/or 
the  gun  may  be  required.  The  main  demands  placed  on 
an  FEL  injector  are  the  low  energy  spread  and  high  peak 
current  beams. 

The  storage  ring  will  also  be  well  tuned  for  a  UV  SR- 
FEL.  This  concept  is  presently  being  researched  by  an 
EU-sponsored  collaboration  at  ELETTRA,  in  which 
MAX-lab  is  participating. 

Neither  of  these  two  FEL  concepts  are  included  in  the 
present  funding. 

6  RADIATION  SHIELDING 

The  issue  of  radiation  shielding  is  currently  under 
investigation  and  may  cause  construction  and/or  design 
changes.  This  is  due  to  possible  structural  limitations  in 
the  building  intended  to  house  the  new  injector  system. 
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Abstract 

We  have  experimented  with  a  streak  camera  based  on 
radio-frequency  deflection  of  the  electron  beam.  The  time 
resolution  was  measured  to  lie  in  the  sub-ps  domain.  The 
method  also  allowed  considerable  simplification  of 
triggering,  weaker  dependence  on  space-charge  within  the 
electron  beam,  high  modularity,  and  ease  of 
implementation.  We  discuss  experimental  results  and 
future  prospects. 

1  INTRODUCTION 

This  paper  is  devoted  to  illustrate  the  setting  up  of  a  RF- 
based  streak  Camera  (RFC).  Beam  deflection  was 
accomplished  by  replacing  the  standard  deflecting  plates 
of  a  conventional  streak  camera  (SC)  by  a  RF  cavity 


located  just  after  the  accelerating  optics. 

The  magnetic  field  in  the  cavity  imparts  a  transverse 
force  to  incoming  electrons,  whose  direction  depends  on 
the  time  at  which  each  individual  electron  enters  the 
cavity,  i.e.  on  the  RF-phase  experienced  by  an  incoming 
electron  (circular  scanning)  [1].  The  high  sweep  speed, 
which  is  possible  by  the  method,  envisaged  sub-ps 
resolution  [2].  The  other  components  of  a  streak  camera 
keep  unchanged. 

The  circular  deflection  of  an  electron  beam  can  be 
performed  by  transverse  magnetic  field  of  TM\\  o  mode 
with  circular  polarization  in  a  cylindrical  cavity.  Circular 
polarization  is  provided  by  exciting  two  orthogonal  modes 
shifted  by  nil  rad  in  phase. 

A  complete  treatment  on  theoretical  basis  for  the  RFC 
can  be  found  in  Ref.  [3]. 


selector  chopper  streak  camera 


Figure  1  Schematic  drawing  of  the  experimental  apparatus 
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2  EXPERIMENTAL 

The  setup  of  the  experiment  is  sketched  in  Fig.  1.  It 
basically  consisted  of  three  parts:  electron  gun,  chopper- 
system,  and  RFC. 

In  order  to  test  the  time  resolution  of  the  RFC,  one  had 
to  provide  a  sub-picosecond  electron  bunch.  Since  the 
existing  GaAs  photo-gun  operated  at  40  kV  [4]  was 
unable  to  deliver  electron  bunches  shorter  than  60  ps,  a 
system  to  form  a  sub-ps  electron  bunch  was  implemented. 
This  was  a  chopper  consisting  of  deflecting  cavity  Cl, 
drift  tube,  and  slit  S  (see  Fig.  1(a)).  An  iris  with  400  pm 
aperture  was  installed  to  reduce  transverse  beam  size  at 
the  entrance.  The  slit  width  of  the  chopper  could  be  varied 
through  micrometric  control. 

The  deflecting  cavity  was  axially  symmetric  and  made 
of  OFHC  copper.  The  electromagnetic  field  of  the  TM\\q 
mode  inside  the  cavity  was  excited  through  magnetic 
loop.  The  bunch  outcoming  the  cavity  was  swept  on  the 
horizontal  plane  and  hit  onto  a  vertical  slit.  In  our  case  a 
minimum  beam  size  of  about  200  pm  provided  a 
minimum  bunch  length  of  0.7  ps  at  the  exit  of  the  chopper 
system.  This  way  the  electron  bunch  passing  through  the 
chopper  cavity  was  sufficiently  short  to  calibrate  the  RFC. 

The  measuring  part  of  the  experimental  apparatus — 
strictly  speaking — the  RFC  consisted  of  deflecting  cavity 
C2,  drift  tube,  detector  DEC  and  magnetic  lens  MIA. 
Cavity  C2  had  the  same  design  as  the  chopper  cavity  (Cl) 
but  was  fed  by  two  orthogonal  TM\\ o  modes,  resulting  in 
a  rotating  magnetic  field  orthogonal  to  the  cavity  axis. 
Each  mode  was  excited  by  separate  magnetic  loop.  The 
two  loops  were  geometrically  at  right  angle  and  fed  by 
two  RF  amplifiers,  reciprocally  shifted  by  n/2  rad  in 
phase.  The  resonant  frequency  of  each  mode  could  be 
separately  adjusted  by  means  of  two  piston  tuners. 

Deflected  electrons  passed  through  the  drift  tube  and 
were  collected  by  position  sensitive  detector.  This  was  a 
two-stage  MCP  coupled  to  a  circular  phosphor  screen  28 
mm  in  diameter  (see  Fig.l(fc)).  High  voltage  of  4  kV  was 
applied  between  the  backside  of  the  MCP  and  the  screen. 
The  image  on  the  screen  was  read  out  by  a  charge  coupled 
device  (CCD)  camera  and  acquired  by  computer.  The 
overall  resolution  of  the  detector  was  about  60  |im  (rms) 
mainly  limited  by  the  MCP. 

A  pulsed  RF-power  amplifier  with  three  separate 
channels  was  used  to  feed  both  the  chopper  and  the 
measuring  cavities.  Output  power  up  to  800  W  could  be 
independently  controlled  on  each  channel.  Phase 
difference  between  the  two  channels  could  be  varied  by 
coaxial  phaseshifter.  The  signal  of  the  mode-locking  RF 
generator  of  the  laser  was  multiplied  by  64  in  frequency 
and  used  as  an  input  for  the  amplifier.  This  scheme 
provided  synchronization  between  electron  bunch  and 
chopper  phase. 


Figure  2.  Image  of  a  circularly  scanned  beam  on  the 
phosphor  screen.  The  chopper  cavity  is  switched  off. 


Figure  3.  Image  of  the  electron  beam  on  the  phosphor  screen 
(magnified  in  the  inset)  and  its  cross-section  when  the  chopper 
cavity  is  switched  on. 
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3  RESULTS 

We  firstly  adjusted  the  optics  to  focalize  the  beam  as 
much  as  possible  onto  the  screen.  It  was  measured  that  the 
profile  of  the  spot  exhibited  an  rms  size  of  1.7  pixels,  i.e. 
about  100  pm — limited  by  beam  emittance. 

Then  the  RF  power  was  fed  on  the  cavity  and  phase 
shift  between  the  two  modes  was  optimized  to  achieve  an 
arc  of  a  circumference  for  the  beam  trace  as  shown  in  Fig. 
2.  The  arc  was  not  a  complete  circumference  because  the 
laser  pulse  was  shorter  than  one  RF  period.  The  radius  of 
deflection  drawn  by  electrons  on  the  screen  is  an 
important  parameter  since  it  is  bounded  up  to  the 
resolution  of  the  instrument.  Measuring  the  radius  allowed 
one  to  calibrate  the  RFC:  here  a  diameter  of  314  pixels 
was  measured,  corresponding  to  18.5  mm. 

The  response  of  the  RFC  to  a  short  electron  bunch  was 
tested  using  the  chopper  system  and  the  adjustable  slit.  As 
the  RF  power  on  the  chopper  cavity  was  supplied,  short 
electron  bunches  entered  the  RFC  and  were  analyzed  as 
shown  in  Fig.  3,  where  a  beam-trace  image  and  its  cross- 
section  are  shown.  The  resolution  of  the  instrument  was 
sufficiently  high  to  follow  the  profile  of  the  electron 
bunch. 

The  ultimate  capability  of  the  RFC  in  terms  of 
resolution  can  be  determined  by  probing  through  even 
shorter  electron  bunches.  As  the  RF  power  on  the  chopper 
cavity  was  raised,  the  outcoming  electron  bunch  became 
shorter,  like  illustrated  in  Fig.  4.  Error  bars  are  rms  values 
of  the  distribution  obtained  after  a  large  number  of 
measurements.  The  dashed  line  represents  the  resolution 
limit  achievable  by  the  instrument  in  the  present 
configuration,  i.e.  700  fs  (rms). 

4  DISCUSSION 

On  the  basis  of  the  experience  we  gained  during  execution 
of  measurements,  the  RFC  exhibits  the  following 
advantages: 

1)  Microsecond  accuracy  for  triggering  is  needed  in 
contrast  with  normal  SCs  where  triggering  may  often  be  a 
serious  problem.  In  addition  the  position  of  the  trace  on 
the  screen  may  provide  information  on  the  phase  of  the 
incoming  bunch  with  respect  to  the  RF  field. 
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Figure  4.  Dependence  of  bunch  length  on  RF  power 

2)  The  accelerating  voltage  of  conventional  SC  is  usually 
no  higher  than  20  kV.  This  means  that  space  charge  may 
have  non-negligible  effect  and  limit  the  performance  of  a 
SC.  On  the  contrary,  since  electron  deflection  is  driven  by 
magnetic  field  for  the  RFC,  a  bending  force  proportional 
to  the  bunch  velocity  is  exerted.  Operation  up  to  60  kV 
was  proven,  leading  to  significantly  weaker  dependence 
on  space  charge. 

3)  The  RFC  consists  of  separate  modules:  electron 
source,  electron  gun,  deflecting  system  and  detector.  Each 
module  can  be  conceived  to  be  a  part  of  a  general-purpose 
instrument. 

4)  The  RFC  was  shown  to  feature  a  resolution  no  worse 
than  700  fs  (rms).  However  it  is  far  from  any  physical 
limitation  and  further  improvement  should  be  obtained  by 
increasing  the  angle  of  deflection  or  the  screen  size. 
Alternatively  one  may  resort  to  higher  frequency  cavities. 

A  newly  designed  compact  RFC  based  on  the  same 
RF  cavity  as  we  used  is  currently  under  test  (Fig.  5). 
Expected  resolution  should  be  lower  than  that  we 
measured  due  to  better  beam  quality. 
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Figure  5  The  new  RFC  under  test 
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Abstract 

For  the  operation  of  its  mid-infrared  FEL  the  supercon¬ 
ducting  electron  accelerator  S-DALINAC  has  to  produce 
bunches  with  a  charge  of  6  pC  and  a  duration  of  2  ps 
FWHM.  In  order  to  achieve  these  figures  a  subharmonic  in¬ 
jection  scheme  was  added  to  the  3  GHz  cw  accelerator.  The 
electron  gun  consists  of  a  grid  controlled  thermionic  cath¬ 
ode  on  a  250  kV  terminal.  It  produces  electron  pulses  with 
a  charge  of  20  pC  and  a  width  of  800  ps  FWHM  at  a  repeti¬ 
tion  rate  of  10  MHz.  For  a  reliable  simulation  of  the  subse¬ 
quent  parts  of  the  injector  (600  MHz  chopper/prebuncher 
section  and  a  superconducting  linac  consisting  of  2-  and 
5-cell  capture  cavities  and  two  20-cell  accelerating  struc¬ 
tures)  the  beam  parameters  at  its  input  have  to  be  known  as 
exactly  as  possible. 

Since  we  expect  that  due  to  the  pulsed  operation  of  the 
gun,  longitudinal  space  charge  effects  might  be  important, 
the  electron  gun  and  the  250  kV  electrostatic  acceleration 
have  been  studied  using  the  2  1/2  dimensional  PIC  code 
MAFIA-TS2,  and  the  tracking  code  GPT. 

This  calculation  takes  into  account  the  time  structure  of 
the  beam  and  yields  results  like  bunch  shape  at  the  gun  exit, 
correlated  and  uncorrelated  energy  spread,  as  well  as  the 
transverse  emittance. 

The  results  of  the  simulation  as  well  as  a  comparison 
with  measurements  of  the  transverse  emittance  and  the 
electron  pulse  length  at  the  exit  of  the  electrostatic  accel¬ 
eration  will  be  presented  in  this  paper. 

1  MOTIVATION 


include  energy  spread  and  bunch  length,  are  crucial  for  un¬ 
derstanding  particle  dynamics  in  the  buncher  section  and 
injector  linac.  Therefore  extensive  tracking  calculations  for 
these  sections  already  have  been  started. 


Figure  1 :  The  S-DALINAC  electron  source. 

The  layout  of  the  electron  gun  is  shown  in  Fig.  1.  The 
time  structure  of  the  emission  from  the  thermionic  gun  is 
controlled  by  a  grid  in  a  distance  of  150  n m.  The  pulse 
length  is  crt  =300  ps.  Downstream  of  the  anode,  the  beam 
is  focused  by  an  electrostatic  lens  and  then  accelerated  to 
250  keV  in  an  80  cm  long  electrostatic  cascade. 

2  SIMULATION  METHODS 

For  the  simulation  of  this  electron  gun,  it  is  necessary  to  in¬ 
clude  space-charge  forces.  Since  we  are  interested  in  longi¬ 
tudinal  phase  space,  we  must  choose  a  program,  that  works 
in  time  domain.  Two  different  computer  codes  were  used 
for  the  calculation: 


The  generation  of  an  electron  beam  with  a  peak  current  of 
2.7  A  for  the  operation  of  the  FEL  is  a  big  challenge  for 
the  S-DALINAC,  originally  designed  for  a  cw  beam  with 
low  bunch  charge.  The  necessary  bunching  in  the  injector 
was  calculated  before[l]  using  beam  parameters  at  the  exit 
of  the  gun  resulting  from  a  time  independent  simulation 
(DC  emission).  While  transverse  beam  parameters  were 
determined  earlier,  the  longitudinal  phase  space  was  not 
known. 

However,  these  longitudinal  parameters  are  essential  for 
the  achievable  peak  current  and  therefore  for  the  laser  oper¬ 
ation.  The  simulation  results  presented  in  this  paper,  which 
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1  and  through  the  Graduiertenkolleg  ’’Physik  und  Technik  von  Beschleu- 
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2. 1  The  PIC  Codes  MAFIA-TS2  and  -TS3 

TS2  and  TS3  are  the  names  of  the  Particle  in  Cell  (PIC) 
modules  in  MAFIA[2].  They  have  been  used  successfully 
for  the  computer  aided  design  of  klystrons  and  other  RF 
sources[3].  The  PIC  programs  solve  Maxwell’s  equations 
in  the  time  domain  with  a  FDTD  algorithm  and  in  parallel, 
selfconsistently,  integrate  the  equations  of  motion  of  the 
charged  particles.  These  particles,  in  turn,  are  the  source  of 
the  electromagnetic  fields. 

TS2  is  the  axisymmetric,  two  dimensional  version,  TS3 
works  with  three  dimensional  cartesian  coordinates.  Both 
are  fully  relativistic  and  due  to  their  basic  physics  algorithm 
a  priori  include  all  interaction  of  the  charged  particles  and 
electromagnetic  fields.  Therefore,  space  charge,  self  mag¬ 
netic  fields,  wake  fields  etc.  are  all  included.  Furthermore, 
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both  codes  can  use  precalculated  fields,  which  are  provided 
by  other  solvers  in  the  MAFIA  package. 

However,  these  PIC  codes  are  very  expensive  to  use.  Es¬ 
pecially,  for  very  low  particle  energies  close  to  the  cathode, 
a  fine  resolution  of  the  calculation  grid  is  necessary  and 
many  particles  must  be  used.  Therefore,  we  also  used  a 
faster  tracking  code  and  compared  the  results. 

2.2  The  Tracking  Code  GPT 

The  General  Particle  Tracer  (GPT)[4]  code  is  a  well  es¬ 
tablished  3D  tracking  program.  It  includes  the  calculation 
of  space-charge  forces  in  a  point-to-point  model.  Its  inte¬ 
gration  method  is  based  on  a  fifth  order  embedded  Runge- 
Kutta  method  with  adaptive  step  size  control. 

The  field  pattern  in  the  gun  was  calculated  in  MAFIA-S 
and  read  into  GPT  via  our  own  interface. 

3  RESULTS  OF  THE  SIMULATION 

3.1  Initial  Conditions 

The  thermionic  cathode  is  operated  at  a  temperature  of 
1100°C.  Therefore  the  mean  energy  of  the  electrons  at 
emission  is  kBT  =0.1  eV.  The  normalized  transverse  rms 
emittance  at  the  cathode  surface  (radius  R)  is[5]: 

.  _  R  (kBT\1/2 

£n'th  ~  2  [me*  ) 

in  our  case  en<th  =0.33  mm  mrad. 

The  control  grid  in  front  of  the  cathode  also  has  a  defo- 
cusing  effect  on  the  beam.  In  order  to  reduce  the  calcula¬ 
tion  cost,  this  effect  was  calculated  in  a  separate  simulation 
in  TS3,  whereas  the  complete  gun  was  calculated  in  TS2, 
exploiting  the  rotational  symmetry. 

Although  the  TS3  calculation  includes  space  charge  ef¬ 
fects,  it  is  in  good  agreement  with  an  analytical  expression 
for  the  normalized  rms  emittance  acquired  by  a  beam  after 
passing  the  wire  mesh,  which  is  given  by  Reiser[5]: 

Ra  (2eVg\1/2  \E2  - 
£n’9  4  V  me2  J  4 Vg  ’ 

where  2 a  is  the  distance  between  mesh  wires,  Vg  the  grid 
voltage,  and  Ei  and  E2  the  electric  field  on  either  side  of 
the  mesh.  In  our  case  in>g  =0.35  mm  mrad. 

If  the  intrinsic  thermal  emittance  is  included,  one  obtains 
for  the  normalized  rms  emittance  at  the  cathode  grid  the 
result 

s  -  O?2  .  ,?2  I1/2 

3.2  Simulation  with  MAFIA-TS2 

The  TS2  simulation  may  use  the  result  of  the  TS3  calcu¬ 
lation  as  initial  condition.  However,  in  order  to  reduce 
the  number  of  macro  particles  in  the  calculation,  the  beam 
was  initialized  with  zero  emittance.  Nevertheless,  we  used 
more  than  70000  macro  particles  and  the  mesh  step  for  the 


FDTD  grid  was  250  /xm.  Since  this  is  larger  than  the  dis¬ 
tance  of  the  control  grid  from  the  cathode,  the  initial  energy 
of  the  electrons  was  set  to  10  eV,  which  corresponds  to  the 
grid  voltage  at  the  center  of  the  bunch.  Fig.  2  shows  the 
results  of  this  calculation. 


-4-20  2  4 

r  (mm) 


t  (ns) 

Figure  2:  Distributions  as  calculated  by  MAFIA-TS2  at  the 
exit  of  the  gun.  From  top  to  bottom  the  figures  show  the 
radius  as  a  function  of  time,  the  transverse  phase  space  and 
the  longitudinal  phase  space. 

All  plots  show  the  influence  of  the  space  charge.  Es¬ 
pecially,  a  correlated  energy  spread  is  acquired  by  the 
bunched  beam:  particles  in  the  head  of  the  bunch  are  ac¬ 
celerated  by  space  charge  forces,  while  particles  in  the  tail 
are  decelerated.  This  effect  is  much  larger  than  the  uncor¬ 
related  energy  spread.  Another  space  charge  effect  can  be 
observed  in  the  transverse  plane:  particles  in  the  head  and 
tail  of  the  bunch  are  focused  more  strongly  than  those  in 
the  center.  This  increases  the  projected  emittance;  how¬ 
ever,  those  particles  will  be  discarded  at  the  chopper  and 
therefore  do  not  contribute  to  the  beam  quality  in  the  FEL. 
The  numerical  results  are  summarized  in  table  1.  When 
the  initial  emittance  is  included,  the  transverse  emittance 
increases  to  0.86  mm  mrad.  Since  the  axisymmetric  cal- 
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culation  in  TS2  excludes  any  misalignment  effects,  these 
values  give  a  lower  limit  for  the  actual  emittance. 


normalized  transverse  rms  emittance 

0.7  mm  mrad 

normalized  longitudinal  rms  emittance 

51.3  eV  ns 

beam  radius  crx 

1.5  mm 

beam  divergence  axi 

0.8  mrad 

pulse  length  at 

332  ps 

energy  spread  &e 

155  eV 

Table  1 :  Beam  parameters  at  the  end  of  the  electrostatic 
cascade  according  to  the  simulation  with  MAFIA-TS2. 

3.3  Simulation  with  GPT 

The  calculation  with  GPT  was  started  with  the  parameters 
given  above  for  the  thermionic  cathode.  The  influence  of 
the  control  grid  was  neglected.  1000  particles  were  used. 

Table  2  shows  the  numerical  results.  GPT  yields  the 
same  space  charge  effects  discussed  above  with  a  tendency 
to  higher  uncorrelated  momentum  and  energy  spread.  An 
additional  calculation  starting  with  10  eV  particle  energy 
and  zero  emittance  yielded  similar  results,  confirming  that 
this  is  not  a  physical  effect  in  the  low  energy  part,  which 
was  neglected  in  TS2. 


normalized  transverse  rms  emittance 

1.55  mm  mrad 

normalized  longitudinal  rms  emittance 

248  eV  ns 

beam  radius  ax 

1.1  mm 

beam  divergence  ax> 

1 .4  mrad 

pulse  length  at 

294  ps 

energy  spread  as 

228  eV 

Table  2:  Results  of  the  simulation  with  GPT. 


4  MEASUREMENT  OF  BEAM 
PARAMETERS 

In  order  to  check  the  predictions  of  the  simulations  and  to 
verify  the  validity  of  the  assumptions  made  therein,  beam 
parameters  were  measured  in  the  front  section  of  the  injec¬ 
tor  beamline  of  the  S-DALINAC. 


Preacceleration 
250  keV 


Chopper 

600  MHz  3  GHz 


Figure  3:  Setup  for  the  measurement  of  the  beam  parame¬ 
ters. 


The  transverse  parameters  were  determined  a  short  dis¬ 
tance  downstream  of  the  electrostatic  acceleration  tube  (see 
fig.  3).  The  two-dimensional  intensity  distribution  of  the 
beam  on  a  thin  aluminum  foil  was  measured  as  a  func¬ 
tion  of  the  focal  strength  of  the  solenoidal  lens  located  up¬ 
stream,  by  detecting  and  recording  the  visible  part  of  the 


emitted  transition  radiation  (OTR)  by  a  standard  CCD  cam¬ 
era,  framegrabber  board,  and  a  PC.  Fitting  a  parabola  to  the 
measured  beam  sizes  (see  fig.  4)  yields  the  complete  set  of 
transverse  beam  parameters  at  the  location  of  the  lens.  The 
resulting  figures  for  normalized  emittance,  beam  radius,  di¬ 
vergence,  and  correlation  are  given  in  the  inset  in  fig.  4. 


Figure  4:  Beam  size  as  a  function  of  the  inverse  focal  length 
of  the  solenoid  lens.  From  the  fitted  curve,  the  transverse 
beam  parameters  were  obtained. 

In  the  front  end  of  the  injector  beamline  of  the  S- 
DALINAC  diagnostics  for  the  energy  spread  of  the 
250  keV  beam  is  not  available.  The  pulse  length  however 
could  be  determined  by  deflecting  the  beam  vertically  by 
a  600  MHz  and  horizontally  by  a  3  GHz  chopper  cavity. 
From  the  resulting  Lissajous  figures  observed  on  a  fluores¬ 
cent  screen  further  downstream  (right  edge  of  fig.  3)  a  pulse 
duration  of  600-700  ps  (FWHM)  was  deduced. 

5  CONCLUSION 

We  used  two  different  programs  to  simulate  beam  dynam¬ 
ics  in  the  S-DALINAC  electron  gun.  Both  yield  similar 
results  on  space  charge  effects.  The  measured  values  for 
the  transverse  phase  space  and  the  pulse  length  are  in  re¬ 
markably  good  agreement  with  the  simulation  results.  For 
the  first  time,  longitudinal  phase  space  was  considered  in 
the  gun  of  the  S-DALINAC. 

We  are  therefore  convinced  that  the  results  obtained  here 
can  be  used  successfully  in  simulations  of  the  fairly  com¬ 
plex  beam  dynamics  in  the  remaining  sections  of  the  S- 
DALINAC  injector. 
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THE  APT  SCRF  CRYOMODULE: 
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Abstract* 

A  prototype  cryomodule  for  the  P  =  0.64  superconducting 
rf  linac  is  being  developed  at  Los  Alamos  National 
Laboratory  (LANL)  for  the  Accelerator  Production  of 
Tritium  (APT)  program.  This  design  is  aimed  toward 
proof-of-principle  testing  and  forms  the  starting  point  for 
the  large-scale  APT  plant.  Several  alternate  design 
options  are  also  being  explored  to  improve  manufactura¬ 
bility  and  maintainability,  reduce  cost,  increase  reliability, 
and  increase  availability  of  qualified  commercial 
suppliers.  Progress  to  date  on  the  prototype  cryomodule 
is  summarized  in  this  paper,  as  are  some  interesting 
possible  design  improvements. 

1  THE  ENGINEERING  DEVELOPMENT 
AND  DEMONSTRATION  PROGRAM 

The  APT  high-energy  proton  linac  uses  superconducting 
radio  frequency  (SCRF)  technology  [1].  It  has  two 
sections  of  cryomodules  designed  to  accelerate  proton 
beams  with  betas  of  0.64  in  the  first  section  and  0.82  in 
the  second.  Each  cryomodule  contains  two,  three  or  four 
solid  niobium  cavities.  Each  cavity  has  two  rf  power 
couplers. 

The  scope  of  work  for  the  SCRF  High  Energy  Linac 
Engineering  Development  and  Demonstration  (ED&D) 
program  includes  the  design,  fabrication,  and  testing  of 
prototypes  of  the  cavities,  power  couplers,  and  cryostats. 
The  goal  is  to  provide  integrated  design  and  performance 
data  for  very  high  rf  power  and  beam  currents. 

The  APT  superconducting  cavities,  which  will  be 
fabricated  by  industry,  are  made  of  solid  sheet  niobium 
having  a  residual-resistance-ratio  (RRR)  value  of  >250. 
They  are  contoured  five-cell  cavities  with  elliptical  irises, 
optimized  to  operate  reliably  at  an  accelerating  field 
ranging  between  4-6  MV/m.  They  will  be  housed  in 
individual  liquid  helium  vessels  and  operated  at  2.15  K. 
Each  power  coupler  is  required  to  transmit  210  kW  of  rf 
power  to  the  cavity.  Each  coupler  has  a  dual  room- 
temperature  alumina  RF  window  followed  by  a  50-ohm 
coaxial  line.  Because  of  the  high  power,  it  is  important  to 
optimize  cooling  and  RF  matching  of  the  couplers. 


The  cavities,  helium  vessels  and  couplers  are  housed  in 
a  cryostat  that  supplies  insulating  vacuum  and  structural 
support,  and  provides  the  access  required  for  a  prototype. 
Fig.  1  shows  a  cutaway  view  of  the  cryomodule  assembly. 


Figure  1:  The  assembled  ED&D  cryomodule  seen  from 
above  with  a  section  cut  at  the  beamline.  Clearly  seen  are 
the  5-cell  cavities  and  the  4  power  couplers. 

2  CURRENT  STATUS  AND  HIGHLIGHTS 

In  general,  we  plan  to  fabricate  and  test  power  couplers 
and  cavities  through  March,  2000.  They  will  be  installed 
into  the  cryostat  and  be  ready  for  integrated  testing  by 
October,  2000.  Each  item  is  briefly  described  below. 

2.1  Five-Cell  Cavity  Fabrication 

Four  five-cell  (3=0.64  solid  niobium  cavities  are  being 
been  fabricated  at  Centre  de  Recherche  en  Calcul 
Applique  (CERCA).  The  cavities  will  be  installed  in 
titanium  helium  vessels.  The  vessel  bulkhead  assemblies 
with  bellows  have  been  completed  and  sent  to  CERCA. 
Edged-welded  titanium  bellows  used  in  these  assemblies 
are  being  lifetime  tested  at  Thomas  Jefferson  National 
Accelerator  Facility. 
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2.2  Power  Coupler 

To  evaluate  the  developing  designs  of  the  power  coupler 
and  rf  windows,  a  room-temperature  test  bed  (RTTB)  has 
been  completed  including  data  acquisition  programming 
and  instrumentation  [2],  Parameters  to  be  tested  are 
coupler  matching,  peak  power  levels,  rf  losses,  window- 
coupler  power  matching,  and  coupler  adjusting.  Tests  on 
the  first  coupler  will  begin  in  early  April. 

2.3  Cryostat 

Fabrication  drawings  for  the  two-cavity  cryostat  are 
nearing  completion.  Shown  in  Fig.  1,  it  is  based  on  the 
CERN  design  and  provides  the  necessary  access  and 
flexibility  needed  for  an  experimental  facility.  A  full-size 
cryostat  mockup  has  been  built  complete  with  mockups  of 
the  cavity/helium  vessel,  thermal  shields,  and  power 
couplers.  Procurement  packages  are  expected  to  be 
released  in  October. 


3  OPTIONS  BEING  CONSIDERED 
FOR  THE  APT  PLANT 

The  primary  objective  of  the  ED&D  program  is  to  test 
high-level  rf  power  couplers  and  the  associated  cavity 
assemblies  integrated  into  a  cryostat.  The  objective  of  the 
APT  plant  is  to  build  these  SCRF  systems  at  minimum 
cost  and  operate  them  at  very  high  availability  for  40  year 
lifetime.  Consequently,  there  are  incentives  to  improve 
upon  the  ED&D  design  to  meet  these  more  demanding 
goals  of  fabricability,  inspectability,  reliability,  and 
maintainability.  Design  alternatives  are  therefore  being 
considered  for  the  cavity,  helium  vessel,  cryostat,  power 
coupler  window  material  and  shape,  window  changeout 
schemes,  and  power  coupler  vacuum  system.  Each  are 
briefly  discussed  below.  They  will  be  explored  contingent 
on  funding. 

3.1  Cavity  Fabrication 

The  cavity  represents  a  large  cost  item  in  the  cryomodule 
and  every  effort  must  be  made  to  reduce  cost  consistent 
with  achieving  the  desired  Q  at  the  expected  MV/m.  The 
solid  niobium  option  was  chosen  as  the  most  conservative 
with  the  most  predictable  performance.  The  sputtered 
niobium  coating  on  copper  may  be  worth  revisiting  to 
explore  recent  technology  advances. 

However,  another  possibility  is  vacuum  deposition  on 
copper  of  niobium  supplied  by  pulsed  laser  ablation  of  a 
high-purity  articulating  niobium  source.  This  would 
provide  a  middle  ground  between  low-energy  thermal 
vapor  deposition  and  high-energy  magnetron  sputtering. 
Niobium  ion  energy  levels  would  be  1-2  eV.  With 
normal  losses,  a  10  micron  layer  could  be  deposited  on 


the  inside  of  a  5-cell  copper  cavity  in  about  four  hours 
with  a  5  J  laser  pulsed  at  10  Hz.  Use  of  high-expansivity 
copper  rather  than  niobium  for  cavity  structure  eliminates 
the  differential  expansion  issue  if  steel  is  used  for  the 
helium  vessel. 

3.2  Helium  Vessel 

An  alternate,  lower  cost,  helium  vessel  and  cavity  tuning 
structure  is  also  being  explored.  Figure  2  shows  the 
concept,  which  consists  of  12-inch  and  18-inch  diameter 
pipes  with  elliptical  heads  and  joined  with  two  8-inch  pipe 
sections.  The  lower  pipe  contains  the  SCRF  cavity.  The 
liquid  level  is  in  the  upper  pipe,  about  4-inches  inches 
above  the  cavity. 

The  tuning  structure  consists  of  titanium  rods  and  AISI 
31  OS  rings  that  connect  the  flange  on  the  left  with  the 
tuner.  The  ED&D  tuner  design  is  used,  which  could  be 
made  from  AISI  31  OS  rather  than  titanium. 

This  vessel  has  about  half  the  liquid  helium  and  about 
one-third  less  metal  volume  than  the  ED&D  design,  but 
more  ullage  to  allow  helium  expansion.  The  total  weld 
length  is  reduced  by  about  20%,  and  all  welds  are  simple 
pipe-to-pipe  or  pipe-to-head  with  no  difficult  weld 
intersections. 


Figure  2:  Alternate  helium  vessel  that  could  be  made  of 
stainless  steel  pipe  sections. 

Rather  than  titanium,  the  vessel  could  be  made  of  less 
expensive  3 1  OS  austenitic  stainless  steel,  which  prevents 
martensite  domains  from  forming  due  to  cold-work, 
welding,  or  thermal  cycling  to  liquid  helium  temperature. 
This  alloy  is  much  stronger  than  Grade  2  titanium  used  in 
the  present  vessel  and  eliminates  titanium-to-stainless 
joints  in  the  helium  piping.  An  even  stronger  Inconel 
alloy  could  replace  the  titanium  in  the  tuning  bellows, 
allowing  more  flexibility  and  a  greater  fabrication  base. 
The  simpler  shape  and  lower  material  and  welding  costs 
are  expected  to  lead  to  significant  cost  reductions. 
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Thermal  and  fluid  analyses,  including  the  response  to  a 
sudden  loss  of  beam  tube  vacuum,  have  shown  the 
response  of  this  vessel  to  be  similar  to  that  of  the  ED&D 
design.  Stress  analyses  have  shown  acceptable  stresses  in 
the  stainless-steel-to-niobium  transition  joint  after  cooling 
to  4  K,  and  low  stresses  due  to  a  45-psi  helium  pressure  in 
the  vessel. 


3.3  All-Welded  Cryostat 

In  order  to  obtain  the  required  high  availability  for  the 
APT  plant,  scheduled  downtimes  must  be  minimized.  The 
elastomer  seals  used  in  the  ED&D  prototype  are  not 
expected  to  last  the  full  plant  life.  Therefore,  the  option 
of  welded,  but  accessible,  seals  is  being  explored  for  the 
cryostat  and  other  joints.  These  seals,  shown  schemati¬ 
cally  in  Fig.  3,  are  commonly  used  in  vacuum 
applications.  The  seal  material  is  only  1-2  mm  thick  and 
the  seal  weld  can  be  cut  and  remade  several  times. 


Welder  Track 


Up  Weld 


Figure  3:  Typical  lip-welded  flange.  This  can  be  used  on 
the  cryostat  covers  and  on  cryogenic  penetrations. 


In  the  cryostat,  these  seals  would  be  mounted  on 
horizontal  rigid  flanges  above  and  below  the  beamline,  as 
seen  in  Fig.  4.  Provision  can  also  be  made  for  elastomer 
seal  grooves  to  be  used  during  system  checkout.  Coated 
metal  seal  rings  are  also  a  possibility  which,  unlike 
elatomers,  do  not  have  to  be  removed  prior  to  seal 
welding. 

The  upper  and  lower  covers,  which  look  like  auto 
engine  oil  pans,  can  be  removed  allowing  considerable 
access  to  the  interior.  Space  must  be  allowed  for  the 
automatic  welder/cutter,  which  results  in  a  bowing  out  of 
the  support  structure.  The  rf  waveguides  are  not  in  place 
when  the  lip  seal  is  welded.  The  cryogenic  bayonets  can 
be  placed  on  the  upper  cover  in  the  middle  of  the 
cryomodule  where  there  is  space  both  inside  and  out. 
This  facilitates  disassembly  and  maintenance  functions. 


3.4  Power  Coupler  Components 

Replacement  of  failed  power  coupler  windows  could 
severely  reduce  plant  availability.  Therefore  a  program 
has  been  established  to  explore  windows  with  very  long 
design  life  along  with  procedures  for  quickly  replacing 
those  that  do  fail.  Being  examined  are  other  window 
materials,  such  as  aluminum  nitride,  surface  treatments 
and  coatings,  other  shapes,  e.g.,  planar,  and  waveguide 
valves  that  maintain  cavity  vacuum  during  replacement. 

There  are  two  other  options  for  the  power  coupler 
vacuum  pumps  besides  ion  and  turbo  pumps:  (1) 
cryogenic  pumps  with  a  specifically  designed  gettering 
arrays,  or  (2)  a  system  of  non-evaporating  getters  (NEG). 
The  cryopumps  would  not  use  built-in  compressors  and 
expanders  but  would  take  a  small  portion  of  the  main 


Figure  4.  End  view  of  optional  cryomodule  showing 
horizontal  flanges  containing  lip  welds. 


cryomodule  cryogen  supply.  Either  option  would  consist 
of  pumps  capable  of  regeneration  during  operation.  Since 
neither  option  has  moving  parts,  they  should  meet  the 
requirements  of  long  life  with  low  maintenance. 
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Abstract 

In  1993-94  a  feasibility  study  for  AUSTRON,  a  neutron 
spallation  source,  was  made  on  behalf  of  the  Austrian 
Ministry  of  Science  and  Research.  At  that  time,  the 
machine  was  a  synchrotron  cycling  at  25  Hz  and 
delivering  an  average  beam  power  of  205  kW  at  1.6  GeV. 
An  option  to  double  the  power  by  doubling  the  frequency 
was  foreseen.  Now  a  more  ambitious  development  of  the 
original  concept  is  proposed  that  aims  at  0.5  MW  at  1.6 
GeV,  pulsed  at  either  50  Hz  or  10  Hz.  The  slow  repetition 
rate  is  achieved  by  the  addition  of  a  storage  ring  holding 
four  consecutive  (single  bunch)  pulses  from  the  50  Hz 
synchrotron  until  a  fifth  pulse  is  accelerated  and 
transferred  to  the  target  with  the  four  stored  ones.  In  this 
way,  an  energy  per  pulse  of  50  kj  (one  half  of  the  pulse 
energy  of  the  5  MW  ESS)  is  obtained,  yielding  about 
3.5xl016  thermal  neutrons  /(s  cm2).  This  peak  flux  matches 
well  a  number  of  innovative  instruments  and  allows 
unprecedented  resolution  for  some  more  conventional 
ones. 

On  August  20,  1998,  the  Austrian  Government  has 
unanimously  decided  to  contribute  one  third  of  the  total 
cost  of  the  facility  and  invites  international  partners  to 
participate. 

1  HISTORY  OF  THE  PROJECT 

The  history  of  AUSTRON  begins  in  the  years  1991  -  92, 
where  a  number  of  politicians  and  scientists  contemplated 
the  creation  of  a  large-scale  research  facility  in  the  eastern 
part  of  Austria  that  would  radiate  into  and  attract 
scientific  potential  from  the  now  accessible  East  European 
Countries.  In  1991,  Prof.  C.  Rubbia  advised  the 
government  that  a  pulsed  spallation  neutron  source  would 
be  the  most  attractive  and  useful  ‘centre  of  excellence’  (at 
that  time  the  concept  proposed  for  ‘Pentagonale’  -  a  loose 
collaboration  of  Italy,  Austria  and  its  three  eastern 
neighbours).  The  basic  parameters  and  the  scenario  were 
fixed  in  a  meeting  gathering  nuclear,  material  structure, 
instrumentation  and  accelerator  physicists  at  CERN,  and 
proposed  to  the  Austrian  government  [1],[2],[3]  which 
subsequently  financed  a  feasibility  study  [4], [5]  for  the 
project.  Target  and  infrastructure  was  studied  at  the 
Atominstitut  of  the  Austrian  Universities  while  the 
accelerator  study  group  was  based  at  CERN.  From  the 


beginning,  the  machine  was  designed  to  be  realised  in 
stages  (I  -  III). 


2  AUSTRON  I,  II,  III 

In  view  of  the  philosophy  of  building  the  accelerator  with 
conventional  technology  and  to  fully  profit  from  existing 
experience,  in  particular  at  ISIS  [6],  the  scenario  of  a  low- 
energy  linac  injecting  in  a  Rapid  Cycling  Synchrotron 
(RCS)  was  adopted.  Based  on  considerations  on  target 
optimisation  the  top  energy  of  the  RCS  was  chosen  to  1.6 
GeV.  The  basic  machine  (I)  aimed  at  a  beam  power  of 
100  kW  onto  a  single  target,  the  first  upgrade  (II)  would 
double  the  the  beam  intensity  and  hence  the  delivered 
power  by  augmenting  the  linac  energy,  and  the  second 
upgrade  (III)  doubles  the  repetition  rate  from  25  Hz  to  50 
Hz  so  that  two  target  stations  can  be  served. 


Table  1:  The  Stages  of  AUSTRON 


AUSTRON 

Stage 

Pulse 

rate 

[Hz] 

Inject 

energy 

[Me  VI 

Nr.  of 
protons 

p  /  pulse 

Av.  Beam 
power 

rkwi 

I 

25 

70 

1.6x10” 

102 

n 

25 

130 

3.2x10” 

205 

hi 

50 

130 

3.2x10” 

410 

0.5  MW 

50 

130 

0.4x10” 

500 

0.5  MW 

10 

130 

2.0x10” 

500 

The  feasibility  study  deals  in  most  details  with  stages  I 
and  II,  while  stage  HI  was  anticipated  by  rating  the 
hardware  components  to  meet  its  specifications. 

The  lattice  of  the  213  m  circumference  RCS  uses  FDF 
triplets  and  a  superperiodicity  of  three  like  the  ESS 
reference  design.  H-  Injection  is  taking  place  at  the  end  of 
the  fall  of  the  magnet  field  in  a  finite-dispersion  section 
with  the  foil  on  the  inside  of  the  circulating  beam,  which 
is  traversed  by  the  H~  beam  in  the  combining  bending. 
The  RF  acelerating  system  operates  at  harmonic  number 
h=2  and  requires  a  peak  voltage  of  160  kV  (Stage  I,  II) 
and  246  kV  (III),  respectively. 


1)  Email:  Hoist.Schonauer@cem.ch 
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3  AUSTRON  0.5  MW 

Some  smaller  complementary  studies  have  been  made 
after  the  Feasibility  Study,  such  as  the  optimisation  of  the 
RF  voltage  program  for  trapping  and  acceleration  [7],  It 
turned  out  that  the  longitudinal  losses  of  the  50  Hz-cycling 
AUSTRON  III  could  not  be  reduced  to  below  <10%  while 
the  25  Hz  stages  lost  far  less  than  1%.  As  a  consequence, 
the  magnet  cycle  had  to  be  modified  to  a  dual-frequency 
(33  Hz  rise  /  100  Hz  fall)  cycle  with  short  flat  bottom 
clamping  in  order  to  match  the  loss  figures  of  the  25  Hz 
cycle,  at  0.41  and  also  at  0.5  MW.  The  augmented  power 
entails  a  more  marked  peak  space-charge  tune  shift  of  - 
0.42  at  1.5  ms  in  the  cycle  [8].  This  means  that  particles 
will  cross  a  third-order  stopband  for  2  ms.  The  best  way  to 
cope  with  possible  adverse  effects  depends  on  details  of 
the  real  machine  and  should  be  studied  there.  A  second- 
harmonic  RF  system  and/or  an  advanced  collimator 
system  are  part  of  the  options.  Simulation  of  an  advanced 
loss  collimator  in  the  AUSTRON  lattice  yielded  a 
collimation  efficiency  of  injection  and  RF  trapping  losses 
of  97.2%  to  be  compared  with  94.7%  for  a  three-stage 
graphite  collimator  array  [9], 

4  AUSTRON  0.5  MW  AT  10  HZ 

In  order  to  reduce  the  pulse  frequency  from  50  to  10  Hz, 
while  maintaining  the  average  beam  power,  the  only 
economic  issue  is  the  addition  of  a  storage  ring  (SR).  The 
latter  must  be  able  to  hold  four  consecutive  pulses  from 
the  RCS  along  its  circumference  until  a  fifth  pulse  is 
accelerated  and  all  the  five  can  be  sent  to  the  target. 
Holding  four  RCS  pulses  side  by  side  in  a  ring  of 
comparable  size  is  only  possible  if  a  single  bunch  is 
accelerated  there  (harmonic  number  /i=7).  Its  length  at 
extraction  must  be  short  enough  to  leave  comfortable  gaps 
for  rise  and  fall  of  the  injection  kicker  of  the  storage  ring. 
This  is  possible  indeed  with  a  RF  voltage  of  the  h=l 
system  of  the  RCS  raised  to  250  kV  at  the  end  of  the 
cycle,  shortening  the  bunch  to  a  length  of  76  ns  or  36  RF 
degrees.  In  the  storage  ring  the  four  bucket  centres  are 
separated  by  191  ns,  leaving  a  gap  of  115  ns  between 
neighbouring  bunches.  In  the  h-4  system  of  the  SR 
bunches  are  144  degrees  long.  To  match  the  bucket  to  the 
bunch  shape  only  65  kV  RF  voltage  are  needed  at  5.23 
MHz. 

Fig.  1  shows  a  SR  of  the  same  shape  as  but  mirror 
symmetric  to  the  RCS  of  the  Feasibility  Study  [3],  This 
geometry  allows  the  probably  shortest  possible  transfer 
beam  line  between  the  two  rings.  The  original  extraction 
outward  from  the  RCS  is  just  turned  inward.  Note  that  the 
lattice  structure  of  the  SR  is  slightly  different  from  the 
RCS:  The  quadrupole  triplets  of  the  long  straight  sections 
of  the  RCS  have  been  replaced  by  quadruplets  in  the  SR, 
in  order  to  free  the  centre  for  the  symmetric 
injection/extraction/direct-pass  array  of  two  septum 
magnets  plus  a  kicker.  Every  fifth  RCS  cycle  the 


accelerated  bunch  is  sent  straight  to  the  target  before  or 
after  the  row  of  the  four  bunches  extracted  from  the  SR. 
This  configuration  allows  these  bunches  coming  directly 
from  the  RCS  to  pass  straight  through  the  septa  to  the 
extraction  line,  the  kicker  being  deactivated  during  their 
pass.  A  further  simplification  requiring  a  modification  of 
the  RCS  lattice  would  be  to  make  both  rings  intersecting 
in  the  same  plane. 

Dipoles  and  quadrupoles  of  the  SR  are  smaller  than  those 
of  the  RCS  as  the  beam  dimensions  at  1.6  GeV  are  less 
than  half  those  at  injection,  and  the  fields  of  the  d.c. 
magnets  can  be  raised  to  1 .5  T.  The  very  long  free  straight 
section  of  the  SR  appears  well  suited  for  accommodation 
of  an  efficient  loss  collimation  system  capable  to  cope 
with  residual  loss  at  1 .6  GeV. 


Figure  1:  The  Storage  Ring  above  the  RCS  with  the 
transfer  line. 

5  TARGET  AND  INSTRUMENTATION 

According  to  the  present  concept  of  AUSTRON  it  is 
planned  to  start  with  one  single  target  station.  The  target 
station  houses  the  spallation  target,  the  moderators  and 
several  beam  tailoring  elements  like  in-pile  collimators  or 
background  suppression  and  bandwidth  choppers, 
accessible  via  separate  access  hatches  for  the  various 
beam  lines.  The  proposed  spallation  target  in  flat  target 
geometry  [10,  11]  consists  of  one  block  of  solid  tungsten- 
rhenium  (W-5%Re).  The  target  temperature  at  0.5  MW  - 
10  Hz  operation  is  expected  to  reach  some  1300  °C  which 
can  be  controlled  by  an  advantageous  edge-cooling 
technique.  In  the  current  design,  the  target  is  surrounded 
by  4  moderators.  Following  the  requirements  for  the 
proposed  neutron  instrumentation,  one  moderator  at 
ambient  or  intermediate  temperature  and  3  cold  modera¬ 
tors  are  needed.  This  clearly  reflects  the  increasing 
importance  of  cold  neutrons  for  condensed  matter 
research.  In  1998  a  suite  of  21  instruments  was  proposed 
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for  AUSTRON  [12,  13].  The  corresponding  layout  is 
shown  in  fig.  2. 


Clean  room  area 


Figure  2:  Schematic  layout  of  the  proposed  AUSTRON 
instrumentation. 


Most  of  these  instruments  will  highly  gain  from  the  slow 
repetition  rate  of  the  neutron  source.  With  total  flight  path 
distances  ranging  from  12  m  to  more  than  100  m,  the 
AUSTRON  instruments  aim  at  high  resolution  by  TOF 
analysis.  Owing  to  the  repetition  rate  of  the  source  a  large 
wavelength  band  (up  to  30  A)  can  be  used  in  one  frame  of 
the  source  without  having  to  deal  with  overlapping 
neutron  from  subsequent  pulses.  This  is  of  particular 
importance  for  the  proposed  diffractometers  which  cover 
momentum  transfer  regions  for  the  investigation  of  liquids 
and  amorphous  substances,  powder  crystallography,  and 
single  crystal  studies  under  special  environmental 
conditions,  for  the  reflectometers  and  the  small-angle 
scattering  instruments.  This  also  holds  for  the  crystal 
analyser  spectrometers,  especially  the  high  resolution 
spectrometer. 

Advanced  environmental  control  is  one  of  the  unique 
features  of  the  AUSTRON  facility.  A  part  of  the 
experimental  hall  will  be  covered  by  a  special  vibration- 
isolated  area  under  clean  room  conditions.  This  has 
become  an  issue  since  neutron  research  has  reached  a 
level  of  sensitivity  where  environmental  effects  can 
influence  the  results  of  an  experiment  considerably.  The 
reflectometers,  single  crystal  diffractometers  and  the 
neutron  optics  research  station  will  profit  from  these 
conditions,  unprecedented  at  any  other  neutron  source. 
Several  instruments  are  based  on  experimental  methods 
which  are  still  under  development  and  will  be  unique  at 
AUSTRON.  These  innovative  instrument  concepts  are  the 
neutron  spin  echo  instrument  for  pulsed  sources,  the  phase 
reflectometer,  the  spin  echo  small-angle  scattering 


instrument,  the  diffractometer  for  polarised  nuclei,  the 
phase  space  transformation  spectrometer  and  the  pulsed 
neutron  optics  instruments. 

6  CONCLUSIONS 

By  modifying  the  magnet  cycle,  the  beam  power  of 
AUSTRON  III  can  be  raised  to  0.5  MW  (one  tenth  of  the 
ESS  goal  of  5  MW).  By  integrating  a  storage  ring  capable 
of  holding  four  consecutive  50  Hz  pulses,  a  repetition 
frequency  of  10  Hz  without  loss  of  average  power  can  be 
achieved.  In  this  way,  an  energy  per  pulse  of  50  kJ  (one 
half  of  the  pulse  energy  of  the  ESS)  is  obtained,  yielding  a 
peak  flux  of  3.5x1 016  thermal  neutrons  per  sec  and  cm2. 
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POWER  CONVERTERS  USED  ON  THE  SRS  * 
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Abstract 

This  report  provides  an  overview  of  the  past  and  present 
developments  in  power  converter  technology  used  on  the 
CLRC  Daresbury  Laboratory  Synchrotron  Radiation 
Source  (SRS).  These  converters  have  ratings  which  range 
from  hundreds  of  watts  to  750kW  and  supply  both 
conventional  inductive  loads  and  super-conducting 
magnets.  The  paper  summaries  the  impact  of  advances  in 
semi-conductor  component  specification  on  the  design  and 
operation  of  these  power  converters  and  indicates  the 
recent  developments  which  have  occurred. 

1  SUPERCONDUCTING  MAGNET 
POWER  CONVERTERS 

There  are  two  super  conducting  Wiggler  magnets  in  the 
SRS,  which  are  supplied  by  commercially  available 
switch-mode  power  converters.  These  supplies  have  a 
rated  long-term  stability  of  1  part  in  103  which  is 
insufficient  for  the  duty  required.  A  combined  external 
current  and  voltage  stabiliser  is  incorporated  using  a 
DCCT  to  measure  the  load  current  and  potential  divider  to 
feedback  the  voltage.  The  switch-mode  units  serve  only  as 
a  high  power  amplifier  and  long  term  stability  of  1  part  in 
104  is  easily  achieved. 

1.1  Energy  Storage 

The  dissipation  of  the  stored  energy  of  the  smaller  5  Tesla 
magnet  is  provided  by  freewheel  diodes  connected  to  the 
four  individual  main  coils  of  the  magnet;  full  discharge  is 
achieved  in  approximately  7  minutes. 

The  second  magnet  rated  at  6  Tesla  consists  of  a  main 
and  auxiliary  winding  shown  in  Fig.l.  It  is  not  possible  to 
power  the  coils  separately  as  the  connection  from  the 
interlink  is  only  rated  to  conduct  10%  of  the  nominal 
current.  A  freewheel  diode  on  the  main  magnet  would 
provide  discharge  in  approximately  30  minutes  and 
prolong  refill  times. 

To  improve  the  discharge  rate,  high  power  MOSFETs 
are  used  to  control  the  operation  of  a  dumping  circuit.  The 
design  utilises  the  main  current  feedback  system  to  adjust 
the  switching  time  of  the  MOSFETs  and  track  the 
reference  as  it  ramps  to  zero  in  6  minutes. 

To  avoid  a  possible  quench,  the  discharge  rate  must  be 
controlled  particularly  at  maximum  field.  If  an  interlock 
trip  should  occur  the  supply  must  remains  ‘on’  until  zero 
current. 


The  auxiliary  winding  is  connected  with  anti  parallel 
schottky  diodes  to  provide  a  path  for  the  discharging  main 
current.  This  limits  the  voltage,  which  is  generated  across 
the  auxiliary  coil  because  of  the  current  difference  in  the 
main  and  auxiliary  windings.  The  low  forward  voltage 
drop  of  the  schottky  rectifiers  is  insufficient  to  meet  the 
need  for  high  impedance  during  the  ramp.  As  a 
compromise  the  trim  power  supply  is  overrated  and  the 
DCCT  for  the  auxiliary  current  is  positioned  close  to  the 
magnet  terminals  to  prevent  inaccuracies  resulting  from 
diode  conduction. 


Fig.l  Schematic  diagram  of  the  6  Tesla  Superconducting 
Wiggler  Power  Converter 

2  QUADRUPOLE  SHUNTS 

A  significant  vertical  tune  shift  can  arise  from  the 
focussing  effects  of  the  insertion  devices,  (wigglers  and 
undulators)  This  can  be  compensated  by  local  correction 
on  a  quadrupole  adjacent  to  the  wiggler.  The  main  magnet 
families  of  the  storage  ring  are  series  connected  and  to 
adjust  current  to  individual  quadrupoles  a  controllable 
active  current  shunt  is  required. 

2.1  Design  Changes 

The  initial  shunt  design  was  a  transistor  bank  containing 
32  parallel  bipolar  transistors.  Their  base  drive  was 
generated  by  a  transformer-coupled  chopper  and  rectifier 
to  amplify  the  current  and  provide  electrical  isolation. 

This  system  has  since  been  simplified  and  the  new 
design  is  shown  in  Fig.2.  It  consists  of  two  parallel  high 
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power  MOSFETs  with  an  isolation  amplifier  providing 
the  interface  to  the  control  circuit.  The  high  input 
impedance  and  large  power  gain  of  the  MOSFET  is 
ideally  suited  to  this  type  of  application. 

The  main  contactor  is  used  for  electrical  isolation  as  part 
of  the  personnel  safety  system.  The  on/off  switching  is 
achieved  by  clamping  the  base  drive. 

The  capacitor  and  zener  diodes  on  the  magnet  side  of  the 
contactor  ease  the  breaking  of  the  dc  arc  in  the  contactor 
and  prevent  high  voltages  being  generated. 

2.2  Control  Electronics 

The  control  circuitry  for  the  quadrupole  shunts  was 
designed  multi-functional  and  provides  a  site  standard  for 
all  power  converter  applications.  Its  features  include  a 
ramp  generator,  voltage  feedback  conditioning  and 
isolated  analogue  output  drive.  The  system  also  houses  a 
QtecQ  Macc  plus  DCCT  burden  card,  providing  a  simple 
and  compact  feedback  interface.  The  electronics  are 
housed  in  a  Euro-crate  with  a  PCB  backplane  providing 
an  interface  to  external  control  electronics.  This  makes  the 
control  crate  portable  and  easy  to  replace. 


Fig.2  Schematic  Diagram  of  Quadrupole  Shunt  Circuit 

3  MAIN  STORAGE  RING  POWER 
CONVERTERS 

The  main  magnets  of  the  storage  ring  were  initially 
powered  by  roller  regulator,  transistor  trimmer  type  power 
converters.  This  type  of  supply  is  expensive  to  maintain 
and  has  poor  efficiency  compared  to  modem  design.  Their 
reliability  had  become  unacceptable  due  to  age  for  an 
accelerator  expected  to  deliver  6000  scheduled  beam 
hours  per  year.  It  was  decided  to  replace  these  supplies 
with  a  50Hz  line  commutated  thyristor  technology, 
designed  to  the  CERN,  LEP  specifications  [1,2,3]. 

There  are  five  converters  in  this  power  range,  two  at 
750kW,  one  at  250kW  and  two  at  90kW.  These  power  the 
SRS  storage  ring  dipoles,  quadruples  and  sextupoles. 


3.1  Design  Benefits 

The  improved  performance  of  the  new  converters  reduced 
the  ramp  time  from  14  minutes,  with  the  old  regulator 
type  design,  to  just  70  seconds.  The  hysteresis  cycling 
before  each  refill  is  also  faster,  now  being  30  seconds 
instead  of  4  minutes. 


Fig.  3  Electrical  Circuit  of  750kW  Power  Converter 

All  of  the  new  converters  are  naturally  air  cooled,  thus 
making  it  possible  to  dispense  completely  with  the  closed 
circuit  de-mineralised  water  cooling  system  used  by  the 
old  equipment.  This,  together  with  the  high  efficiency  of 
the  converter,  yields  a  reduction  in  power  of  about  30kW. 

The  inclusion  of  two  DCCTs,  one  for  control  and  the 
other  for  monitoring,  allows  direct  on-line  calibration 
checks  at  the  nominal  output  current.  This  can  then  be 
used  to  identify  drifts  in  the  DAC,  ADC  and  loop 
parameters.  The  extensive  range  of  command  protocol 
and  monitoring  facilities  provides  a  comprehensive 
diagnostic  system  for  troubleshooting. 

Since  the  installation  of  the  new  converters,  downtime 
due  to  failures  has  reduced  by  a  factor  of  10  on  the  old 
design. 

4  BEAM  STEERER  POWER 
CONVERTERS 

The  present  system  consists  of  two  24  volt  switch-mode 
power  converters  providing  a  dual  dc  distribution  network 
to  support  224  steering  modules  as  shown  in  Fig.4.  The 
load  regulation  is  generated  by  individual  current  control 
of  the  transistorised  modules  with  a  stability  of  1  part  in 
10\  The  DC  supply  from  the  switch-mode  units  is  over 
specified  for  this  application,  but  due  to  its  complex 
switch-mode  design  and  10  years  operating  period  the 
reliability  is  poor. 
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4.1  Proposed  Replacement 

It  is  now  proposed  to  replace  the  switch-mode  supplies 
with  a  transformer  rectifier  set;  the  design  simplicity  and 
generously  rated  components  would  guarantee  a  high 
mean  time  between  failures  and  provide  a  low  cost 
solution.  Before  the  power  supplies  are  replaced  the 
modules  must  be  assessed  for  bandwidth  and  attenuation 
of  the  300Hz  ripple  produced  from  the  three-phase 
rectifier. 


S6  Steerer  modules  56  Steerer  modules  56 


modules  56  Steerer  modules 


Fig.4  Electrical  Distribution  of  the  Steerer  Magnet  Power 
Converters. 


possible  and  it  is  now  proposed  to  upgrade  the  control 
electronics,  providing  a  low  cost  alternative. 

5.2  Crowbarless  Klystron  Power  Converter 

The  power  converter  for  the  existing  storage  ring  RF 
klystron  is  a  6-pulse  transformer  rectifier,  with  roller 
regulator  output  voltage  control.  Advances  in  power 
electronics  components  now  make  possible  the  production 
of  switch-mode  power  converters  exceeding  lOOkW.  The 
use  of  high  frequency  inverters  means  that  the  stored 
energy  at  the  high  voltage  end  is  greatly  reduced 
compared  to  a  line  commutated  rectifier.  This  makes  it 
possible  to  eliminate  fast  protection  by  electronic 
crowbar.  This  is  an  expensive  device,  which  requires  high 
quality  design  and  manufacture.  A  liaison  with  an 
industrial  company,  to  jointly  produce  such  a  converter,  is 
currently  being  explored. 
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5.  FUTURE  DEVELOPMENTS 

5.1  Booster  Power  Converter 

The  ac  power  converter  for  the  10Hz  Booster  White 
circuit  used  on  the  SRS  has  been  operational  for  20  years. 
The  design  consists  of  a  thyristor  rectifier,  which  controls 
the  dc  voltage  to  the  10Hz  thyristor  inverter  circuit.  The 
inverter  then  supplies  the  losses  to  the  white  circuit  using 
an  auxiliary  winding  on  the  energy  storage  choke.  The 
ideal  solution  to  improve  the  power  converter  would  be  to 
specify  and  procure  an  entire  new  unit.  This  is  not 
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February  23,  2000 

DTIC 

8725  John  J  Kingman  Road 
Ste.  0944 

Ft.  Belvoir,  VA  22060-6218 
Dear  Sir, 

The  1999  Particle  Accelerator  Conference  (PAC'99)  took  place  on  March  29  - 
April  2,  1999  at  the  New  York  Marriott  Marquis.  We  had  approximately 
1,195  registrants,  76  invited  speakers  and  1,528  abstracts  covering  all  aspects 
of  accelerator  science,  technology  and  applications.  Among  the  registrants, 
approximately  2/3  were  from  the  United  States,  1/3  from  abroad  -  truly  an 
international  conference  in  its  scope  and  participation.  Concurrent  with  the 
conference,  there  were  40  industrial  firms  participating  in  the  exhibition. 

/ 

The  proceedings  of  PAC'99  were  published  and  distributed  in  November  1999. 
Total  published  papers  are  1,223  which  are  published  in  a  5  volume  set  with 
the  total  pages  numbering  3,779. 

The  total  amount  of  the  ONR  grant  of  $10,000.00  was  all  used  in  the  support 
of  the  expense  of  junior  staff,  graduate  students,  and  scientists  from  the 
developing  nations  and  former  Soviet  Union. 

As  requested  form  SF298  is  enclosed,  and  shipped  separately  is  one  set  of  the 
PAC  ‘99  proceedings.  ' 

I  would  like  to  express  my  sincere  thanks  to  ONR  for  its  support  to  PAC’99 
which  is  a  very  effective  vehicle  for  the  development  and  communication  in 
the  accelerator  profession. 

Sincerely  yours. 


Wu-Tsung  Weng 
Chair,  PAC’99 
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